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ABSTRACT 
It is found that the residual stresses and strains at a welding connection may cause 
material yielding in tension. Structural components, such as a ship in service experience 
continuous fatigue load cycles due to cyclic stress in addition to residual stresses and 
other locked-in stresses. Thus, there is a build up of fatigue damage. Currently, 
structures are designed for fatigue and strength. However, the strength design is 
undertaken assuming they are virgin structures. Therefore, no interaction between 
fatigue damage and strength is considered. In reality, structural components such as a 
ship in service for a considerable period of time will have accumulated damage due to 
fatigue load cycles and this may interact with the mechanical properties such as strength 
and ductility of the material. Thus, an interaction between fatigue damage and the 
mechanical properties of structural steel should be considered for safer structural 
designs. Since, the residual stress alone can cause yielding of steel at welded 
connections; cyclic stress is expected to produce low-cycle-fatigue locally at these 
connections. This study was, therefore, undertaken to understand the effect of low-cycle-
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1 INTRODUCTION 
Several studies were undertaken to evaluate the integrity of aged ship structures 
considering fatigue (high-cycle-fatigue only) as one failure criterion and strength (yield 
and buckling strength) as the other failure criterion. Current design standards and codes 
usually require that ship structures are capable of sustaining a specified fatigue life. These 
design standards and codes also require ship hull structure's strength so that a ship hull 
does not fail due to applications of extreme loads caused by slamming or by collisions or 
by grounding. However, the strength design method recommended is based on the 
Ultimate Limit State that relates to the material's yield strength and the strength design is 
carried out assuming the ship hull is a virgin structure and will remain so during its entire 
design life. Thus, no considerations are made to consider accumulation of fatigue damage 
on the material's behaviour. 
1.1 LOW-CYCLE-FATIGUE 
Fatigue damage is primarily caused by the plastic flow occurring within each cycle. Low-
cycle-fatigue (LCF) is, as it sounds, a fatigue damage causing failure to occur in a 
generally low (lesser) cycle count. This is usually associated with excessive plastic flow 
within each cycle due to the loading cases reaching beyond the elastic limit of the 
material. Although no specific number of cycles has been associated to the limit of LCF, 
a cycle count up to ten thousands and sometimes as much as a few hundred thousand 
cycles is considered as LCF. 
1.2 FATIGUE DAMAGE AT WELDED CONNECTIONS 
A ship hull structure is made of steel plates and shells stiffened by steel frame (beams and 
girders). The connections between various structural components (beams, girders, plates, 
etc.) are made by using a welding process. The welding process creates localized residual 
stresses and strains. The residual stress alone at the welded locations can cause yielding 
of steel plate in tension. A ship in service experiences continuous cyclic loads due to 
1 
wave pressures and ship motion in addition to residual stresses and other locked-in 
stresses. Thus, fatigue damage accumulates over the service life of the ship. Since the 
residual stress alone can cause yielding of steel in the welded connections, cyclic loads 
while in service may impose low-cycle-fatigue (LCF) load histories at those connections. 
Accumulation of damage is expected to be much higher and occur at a faster rate if the 
components of the ship hull are subjected to LCF load cycles. 
1.3 INFLUENCE OF FATIGUE DAMAGE 
There are concerns expressed regarding the damage caused by fatigue loads and its 
influence on the ultimate load carrying capacity and ductility for aged ship structures. In 
reality, a ship hull structure experiences both fatigue load cycles and extreme loads 
during its service. Thus, an interaction between LCF damage and various mechanical 
properties of structural steel such as remaining strength and ductility should be 
considered for safer design of aged ship hull structure. This is especially true if the safety 
of aged ships is to be ensured for extreme load conditions. 
1.4 OBJECTIVES OF THE STUDY 
This study was undertaken to investigate the influence of LCF damage on the material 
behaviour of structural steel as discussed below. Series of material tests were undertaken 
in this study to examine this influence of the LCF damage by reproducing the residual 
stresses that are found in welded connections in ship structures. The following are the 
objectives of the investigation. 
a) Establish a relationship between the LCF damage and the strength and ductility of 
the material. 
b) Determine the effect of material strength and the strain range of the applied cycles on 
the above relationship. 
c) Investigate various cycle-dependent material responses and understand the 
relationship between these responses and the change in mechanical properties. 
2 
2 LITERATURE REVIEW 
This chapter provides a detailed literature review on the fatigue damage due to low-cycle-
fatigue (LCF). The review was separated into various sections to provide the information 
required to determine the test procedure as well as the data acquisition method and the 
summarization of the results for the current study on the effect of fatigue damage on the 
mechanical behaviour of structural steel. From here on, the term 'low-cycle-fatigue' or 
'LCF' will refer to strain-controlled fatigue where plastic deformation occurs due to the 
material's yield strength being exceeded during the first strain cycle. 
This chapter also provides an explanation of the material responses when subjected to 
fatigue cycles along with a discussion on previous research that studied fatigue damage 
and how it is of concern for this study. In addition, current ship hull design standards 
were examined to verify if current relationships between fatigue damage and the strength 
and ductility of structural components exist. Residual stresses and strains in welded 
connections have been a major cause of concern regarding LCF. Therefore, previous 
research measuring the quantity of residual stress and strain in a welded connection was 
examined. Finally, ASTM specifications were examined to verify the proper testing 
procedures for strain-controlled fatigue tests and quasi-static tension tests. 
This chapter provides the research required to promote the need for tests to determine the 
relationship between the fatigue damage and the mechanical behaviour, especially the 
strength and ductility of structural components. The pertinent information from previous 
studies has been provided below along with additional comments. 
2.1 FATIGUE DAMAGE - MATERIAL RESPONSE 
To better understand the effects of fatigue damage it is important to first understand the 
material responses when it is subjected to fatigue cycles. Such responses refer to cycle-
dependent responses, fatigue damage with mean stress and strain values, and how fatigue 
3 
damage changes the mechanical properties of the material. The term 'cycle-dependent' 
refers to the behaviour observed by the material from one cycle to the next. 
2.1.1 Cycle-dependent material response 
When subjected to cyclic loads, materials respond in different ways depending on the 
specific loading conditions. Cycle-dependent hardening and cycle-dependent softening 
are two extreme changing responses demonstrating that these responses are not always 
constant from one cycle to the next. The materials' responses (such as stress range or 
strain range) due to both cycle-dependent hardening and cycle-dependent softening 
depend on whether the conditions are stress-controlled or are strain-controlled. 
2. / . / . / Stress-controlled Condition 
In a stress-controlled environment, the stress limits remain constant from one cycle to the 
next while the strain is dependent on the applied stress. Cycle-dependent hardening 
occurs when the material is gradually increasing its resistance to deformation. Therefore, 
a decrease in the strain range occurs from cycle to cycle, indicating that the material has 
been work-hardened. Cycle-dependent softening occurs when the materials resistance to 
deformation gradually decreases from one cycle to the next. Therefore, the strain range 
increases from cycle to cycle during the application of a constant stress range. Figure 2.1 
shows the cycle-dependent material responses occurring under a stress-controlled 
environment. 
It can be seen from this figure that the cycle-dependent responses occur in an exponential 
envelope with the bulk of the change occurring early in the cycle count. Thus, the 
material's resistance to deformation becomes more consistent from cycle to cycle as the 
time progresses. This phenomenon is known as plastic shakedown. Plastic shakedown 
can be stated as a condition where there is no net accumulation of plastic deformation 
from one cycle to the next. At this point, it can be seen that the strain range remains 
constant from one cycle to the next cycle. 
4 
0 
(c) Cycle-dependent softening 
Figure 2.1: Cycle-dependent response - stress-controlled (Sandor, 1972). 
2.1.1.2 Strain-controlled Condition 
In a strain-controlled environment, the strain limits remain constant from cycle to cycle 
and the stress depends on the applied strain. As mentioned in the stress-controlled 
environment, a cycle-dependent hardening response refers to a gradually increasing 
resistance to deformation. Thus, in a strain-controlled environment, cycle-dependent 
hardening refers to a gradual increase in stress range required to accommodate for the 
constant strain range applied from cycle to cycle. Also, a gradual decrease in the stress 
range is a material response due to cycle-dependent softening. Figure 2.2 illustrates 
examples of cycle-dependent material response under a strain-controlled environment. 
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(a) Strain control function 
(b) Cycle-dependent hardening 
(c) Cycle-dependent softening 
Figure 2.2: Cycle-dependent response - strain control (Sandor, 1972). 
Similar to Figure 2.1, the cycle-dependent responses in Figure 2.2 also proceed in an 
exponential manner where the bulk of the change occurs early in the cycle count. 
Therefore, the material's resistance to deformation becomes more consistent as the stress 
range stabilizes and plastic shakedown occurs. 
2.1.2 Fatigue damage with mean values 
Fatigue cycles are characterised by the stress and strain limits of each cycle. In simple 
fatigue problems, as shown in Figures 2.1 and 2.2, the mean stress and strain are always 
zero. However, rarely are fatigue problems that simple. Some mean stress or strain is 
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usually present. Figure 2.3 provides an example of a hysteresis loop with no mean stress 
or strain and one where a mean stress and strain are present. It is important to understand 
that the material response can also cause these mean stresses or strains to change in a 
cycle-dependent fashion. Cyclic ratcheting, also known as cyclic creep, and mean-stress 
relaxation are the two main responses present when a material is subjected to fatigue 
conditions where a mean stress or strain is present. 
Figure 2.3: Hysteresis loops with and without mean stress and strain. 
2.1.2.1 Cyclic ratcheting 
Under stress-controlled conditions, an increase in the mean strain in tension or 
compression is called cyclic ratcheting. Figure 2.4 provides examples of hysteresis loops 
creeping in tension and compression. This effect can be potentially dangerous as the 
strain is progressing towards the material's fracture ductility. In the case of Figure 2.4(a), 
it can be seen that the strain limits are cyclically increasing in tension at a constant rate 
(points 1 to 5 have equal strains between them). This effect occurs because the stress 
range is more prominent in tension due to a mean stress (am) in tension, thus causing 
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1 2 3 4 5 
(a) 
Figure 2.4: Cyclic ratcheting - stress-controlled, (a) Tension mean stress causes an 
increase in tensile strain, and (b) Compression mean stress causes an increase in 
compressive strain (Sandor, 1972). 
greater plastic deformation in tension. Comparatively, Figure 2.4(b) shows a test with a 
mean stress in compression where the strain limits of the hysteresis loops are cyclically 
increasing in compression. 
In the presence of cycle-dependent hardening, the ratcheting effect gradually decelerates 
in an exponential manner as the material's resistance to deformation increases. As an 
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example, the strain between points 1 to 5 in Figure 2.4 would gradually be getting smaller 
from one cycle to the next instead of the constant strain between points shown in the 
figure. However, in the presence of cycle-dependent softening, the ratcheting effect 
accelerates due to the decrease in the material's resistance to deformation and can cause 
rapid failure of the material. This would be illustrated by strain between points 1 to 5 
gradually getting larger from one cycle to the next. During the ratcheting process, the 
mean stress remains constant while the mean strain is cyclically increased or decreased 
depending on the initial loading conditions. 
1 ' 
I l l 
\ / 
Strain limits 
Figure 2.5: Mean stress relaxation. Strain controlled (Sandor, 1972). 
2.1.2.2 Mean-stress relaxation 
The effects of cyclic ratcheting can also be seen in tests under strain-controlled 
conditions. In these cases, the plastic deformation caused by fatigue tests decreases the 
magnitude of the mean stress present early in the test. By taking a look at Figure 2.5, it 
can be seen that the mean stress in the hysteresis loops is gradually moving towards zero. 
This behaviour is called mean-stress relaxation, which is the counterpart of cyclic 
ratcheting. During this process, the mean strain remains constant while the mean stress 
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gradually reduces in magnitude in an exponential manner towards zero. It is important to 
note that cyclic ratcheting and mean-stress relaxation do not contribute to cycle-
dependent changes in the energy absorption (area of a hysteresis loop) of the material. 
However, along with cycle-dependent hardening or softening, its plastic deformation can 
induce small nucleated fatigue cracks and ultimately lead to the rupture of the material. 
Figure 2.6: Cycle-dependent changes in stress-strain response (Sandor, 1972). 
2.1.3 Cycle-Dependent Changes in Mechanical Properties 
The changes in the mechanical properties of a material due to cycle-dependent responses 
are observed by producing a cyclic stress-strain curve. Cyclic stress-strain curves often 
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refers to the stress-strain relationship obtained by the material once cycle-dependent 
stabilization has occurred, that is, once plastic shakedown has occurred (Bannantine et 
al., 1990). There are various methods of determining the cyclic stress-strain curve, and 
there are small differences in the results from different methods (Sandor, 1972). In 
reality, there exist multiple cyclic stress-strain curves at various levels of fatigue damage 
(Sandor, 1972). However, the quasi-static tensile tests method was found to be the most 
efficient at determining the cyclic stress-strain curves at various levels of fatigue damage. 
From here on, cyclic stress-strain curves refer to the stress-strain relationship obtained at 
any arbitrary amount of fatigue damage within the material's fatigue life, and not only 
once a cycle-dependent stabilization has occurred. 
It is expected that the mechanical properties of structural steel change due to cyclic loads. 
Therefore, the mechanical properties of the material at various levels of fatigue damage 
need to be understood. Figure 2.6 provides examples of cyclic stress-strain curves that 
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Figure 2.7: Cyclic and monotonic stress-strain curves for several engineering metals 
(Landgraf, 1969). 
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of a virgin specimen obtained by a quasi-static tensile test. Line B represents a cyclic 
stress-strain curve of a material with the same composition, size, shape, and initial 
conditions as that of the virgin specimen. Line B is above line A indicating that the 
material hardened from one cycle to the next and is more resistant to deformation. 
Therefore, a higher stress level than that of the virgin specimen is required to generate a 
given strain. On the other hand, line C of Figure 2.6 represents a cyclic stress-strain curve 
of a material that softened from one cycle to the next and is more susceptible to 
deformation. Therefore, a lower stress level is required to generate a given strain. Figure 
2.7 provides examples of cyclic stress-strain curves (Landgraf, 1970). In this figure, the 
cyclic stress-strain curves are obtained using the Companion Specimens and Increment 
Test method (Bannantine, 1990) and represent the stress-strain relationship once cycle-
dependent stabilization occurred. 
To further appreciate the changes in the mechanical properties, Figure 2.8 demonstrates 
an uncertainty of stabilization in stress-strain response. The monotonic stress-strain curve 
of a virgin material is illustrated by line A. Line C represents the cyclic stress-strain 
relationship of the material after cycle-dependent stabilization occurred (generally at the 
halfway point of the material's fatigue life). However, as discussed earlier in this section, 
there exist multiple cyclic stress-strain curves representing the stress-strain relationship at 
various levels of fatigue damage. Lines B illustrate the cyclic stress-strain relationships 
before cycle-dependent stabilization occurs. In cases where the material exhibited cycle-
dependent hardening, line C would be above line A as discussed earlier in this section. 
Nevertheless, it can be assumed that the cyclic stress-strain curves continue to change 
even after cycle-dependent stabilization occurred. It is believed that at a certain point 
after the halfway point of the material's fatigue life (beyond the fatigue life represented 
by line C), the material will experience a cycle-dependent softening response (evidence 
demonstrated by lines D) due to fatigue damage. Therefore, the material would 
eventually decrease its resistance to deformation (Sandor, 1972). 
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Figure 2.8: Uncertainty of stabilization in stress-strain response (Sandor, 1972). 
What is needed is a general appreciation that the stress-strain response can be altered due 
to cycle-dependent changes in mechanical properties. Many researchers have expressed 
concerns regarding the damage caused by fatigue loads and its influence on the ultimate 
load carrying capacity and ductility for aged ship structures (Sandor, 1972; Gao et al., 
1998; Dexter and Pilarski, 2002; and Wang et al., 2006). It is important to understand that 
examples as that shown in Figure 2.8 are believed to occur (Sandor, 1972). However, 
there is no available data to allow such detailed description of the cyclic stress-strain 
response. Therefore, more research is required. 
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2.2 FATIGUE DAMAGE - PREVIOUS RESEARCH 
Fatigue damage is ultimately caused by the plastic strain that occurs due to cyclic loading 
(Sandor, 1972). To further understand and appreciate this phenomenon, researchers have 
conducted thousands of studies for over the last century. From these studies, 
mathematical models have also been derived to better associate the results from one study 
to the next. The following section provides an understanding of the previous 
experimental studies conducted on fatigue damage and the mathematical models that 
have been derived from the results. 
2.2.1 Laboratory and full-scale testing 
Numerous fatigue tests were undertaken in the past to analyze the stresses and strains that 
occur when a structure is subjected to fatigue loads. Therefore, the cycle-dependent 
material responses due to fatigue damage are now well understood. However, the main 
goal of these fatigue tests is to understand and determine the fatigue life of the material 
and/or structural component. Furthermore, studies are currently underway to research 
new ways of inspecting fatigue damage as well as providing sustainability methods to 
reduce the fatigue damage. 
2.2.1.1 Laboratory testing 
Most fatigue tests are performed in a laboratory environment. These tests are performed 
to determine the effect of fatigue damage and/or the fatigue life while varying only 
desired parameters. Laboratory tests are often guided by tests specifications to minimize 
any variations in all other constant parameters. 
Laboratory tests are conducted using either specimens specified by the standards, or 
small-scale replicas of structural components. These tests are often performed to 
determine the fatigue life of the materials and structural components. A common 
approach for illustrating the fatigue life of the material is through the use of stress-life 














1000 10000 100000 1000000 
Fatigue life, cycles 
10000000 











H—I I l l l l | 
1.E+04 1 .E+06 1 .E+05 
fatigue life (reversals) 
Figure 2.10: Total strain-life curve (Lee et al., 2005). 
I I I H | 
1.E+07 
15 
when under stain-controlled conditions. Figure 2.9 illustrates an estimated S-N curve for 
steel bars under axial loading. This curve provides a relationship between the stress 
amplitude (half of the stress range) of the fatigue load cycles and the fatigue life. Figure 
2.10 illustrates the e-N curve. This curve provides a relationship between the strain 
amplitude (half of the strain range) of the fatigue strain cycles and the fatigue life. The 
total strain amplitude in this figure is also separated into its elastic and plastic strain 
components. It is important to understand that both Figures 2.9 and 2.10 are based on 
fully reversed loading cases (tension limit is equal to the compression limit) that are 
constant from one fatigue cycle to the next and do not account for mean stresses or 
strains. 
AEp • •« Ate 
Ae 
Figure 2.11: Stress-strain hysteresis loop. 
In addition to the determination of fatigue life, many laboratory studies have looked at 
the cyclic stresses and strains to understand the fatigue damage with regards to load, 
deformation, energy absorption, and ductility. By plotting the stress-strain curve (also 
possible as a load-deformation curve) of each cycle during a fatigue test, the stress-strain 
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Figure 2.12: Residual ductility in carbon steel (Othani et al., 1979). 
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hysteresis loops are obtained, shown in Figure 2.11. This figure provides a better 
understanding of the plastic flow, which ultimately causes fatigue damage (Sandor, 
1972), occurring during each cycle. From the hysteresis loops, researchers have been able 
to determine the cycle-dependent material responses described in section 2.1.1 and 2.1.2. 
The energy absorbed by the material is measured by calculating the area of the hysteresis 
loops. Therefore, laboratory studies have also been conducted to reveal the effect of the 
energy absorption to determine the level of fatigue damage. Fatigue toughness is the total 
energy absorption required before rupture of a material occurs. A property of the fatigue 
toughness is that it generally increases as the fatigue life of the material increases 
(Sandor, 1972). 
Murakami and Miller (2002) discuss that experiments have shown that the remaining 
ductility of a material with a fatigue history is lower than that of the virgin state, and its 
decrease is predominant as the fatigue life of the material is approached. Furthermore, 
Ohtani et al. (1979) showed that a 0.2% carbon steel loses fracture ductility after being 
subjected to LCF (Figure 2.12). This decrease in ductility is caused by surface cracks and 
internal cracks in the pear lite grains. Murakami and Miller (2002) also concluded that a 
crack length in a brass reaching and exceeding a critical length results in a shear failure 
during a tension test rather than the usual ductile cup-cone failure, thus causing a 
decrease in ductility. However, further tests need to be conducted for a greater detailed 
understanding of the effect of fatigue damage on the fracture ductility of structural steel, 
especially that which is used in ship and marine structures. 
Current laboratory studies in fatigue are focusing on an increase in sustainability. Studies 
are being conducted to determine the effect of cyclic loads on the crack propagation as 
well as ways of increasing the fatigue life of the material. This indicates that research on 
fatigue is turning towards sustainability issues and is omitting the effect of the fatigue 
damage on the mechanical properties of steel. Therefore, research on the effect of the 
fatigue damage is still required. 
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The fatigue life of a material is a function of various parameters such as: (i) stress range 
or strain range, (ii) material composition and properties (ranging from mechanical, to 
thermal, and even molecular), (iii) loading history, (iv) environmental factors, (v) 
structural composition, (vi) corrosion, and (vii) time. Two identical virgin specimens with 
the exact same material composition will have only a small variation in their mechanical 
properties. However, their fatigue life can vary between a few cycles to a few million 
cycles by varying other parameters mentioned above. Therefore, research studies have 
been continuing to determine the fatigue life of various structural components for 
decades. This type of research is needed to advance the field of fatigue damage. 
2.2.1.2 Full-scale testing 
The results derived from laboratory tests are often included in the design of structures. 
However, some structures such as ship hulls are getting more complex and are subjected 
to a wide variation of loads. It becomes difficult to use current S-N or e-N curves to 
determine the fatigue life of the structure. Therefore, further testing is required at a full-
scale level to determine the fatigue life of the structure. These tests are either conducted 
on the structure itself or a critical section is sampled and tested in a laboratory facility. 
Unlike the usual laboratory tests, full-scale tests parameters fluctuate greatly and, thus, its 
results can generally only be used for that specific structure. Therefore, to minimize 
labour and experimental costs, the determination of the fatigue life is the primary goal in 
these studies. 
2.2.2 Mathematical models 
A review of current mathematical models was completed to examine any possible 
mathematical models that are able to provide an interaction between the fatigue damage 
and its effect on the mechanical properties of the material. These models, if any exists, 
could be used to verify the results obtained from the current study. The following sub-
sections describe various fatigue damage rules found in the literature. 
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2.2.2.1 Linear damage rule 
Since the research began in the early twentieth century, efforts were concentrated on how 
to determine the damage that occurs due to fatigue cycles. Due to the high costs of 
conducting laboratory fatigue tests, studies began in efforts to attain mathematical models 
that would best represent this relationship. In 1945, the first mathematical model 
representing fatigue damage was proposed by Miner (Miner, 1945). He became the first 
to represent the Palmgren linear damage concept (Palmgren, 1924) in mathematical 




yA = yi=J!LA+..A (2.2) 
The damage index (D ) is a measurement of the accumulated damage. It is calculated 
from the summation of the cycle ratios (rt) and it is assumed that fatigue failure occurs 
when E ^ = 1 • The cycle ratio of nJNfj represents the number of counted reversals for a 
given load case ( i) divided by the number reversals to failure for the same given load 
case. The summation (Z ) indicates that the damage index is calculated using the sum of 
all cycle ratios (1 to n) applied to the material in question (see Equation 2.2). This model 
proposes a linear representation of the fatigue damage throughout the fatigue life of the 
material. It has since been shown that the fatigue damage may not necessarily occur in a 
linear fashion. Therefore, since the introduction of LDR, well over fifty mathematical 
models were established to account for the various parameters mentioned earlier in 
section 2.2.1.1 that affect the rate of the fatigue damage. However, no mathematical 
models currently have universal acceptance. In fact, due to the simplicity of the LDR, it is 
the most used model when designing for fatigue damage. 
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The Coffin-Manson relation (Manson, 1953; and Coffin, 1954) provides a non-linear 
mathematical model that represents the s-N curve as shown in Equation 2.3. 
—L = £'f(2Nfy (2.3) 
In this equation, A£"p/2 represents the plastic strain amplitude, Nf is the number of 
reversals to failure, s'f is the fatigue ductility coefficient, and c is the fatigue ductility 
exponent. It is observed that the Coffin-Manson relation only provides the relationship 
between the strain amplitude and the fatigue life of the material. Therefore, it was found 
that the preferred interpretation of the results of this current study could be best achieved 
using Miner's LDR model (Equation 2.1). 
2.3 DESIGN OF OFFSHORE SHIP STRUCTURES 
Ship hull structures are designed and analyzed for fatigue strength and monotonic 
strength. Current standards were reviewed to find if there exists an interaction between 
fatigue damage and the ultimate (tensile) strength within these standards. The fatigue 
assessment and ultimate structural capacity of multiple standards are summarized below. 
2.3.1 Fatigue Assessment 
A ship hull structure is generally assessed to determine its fatigue life using a fatigue 
damage ratio according to the Palmgren-Miner's linear cumulative damage approach 
(Equation 2.1 in section 2.2.2.1). Much attention is given to the fatigue strength of the 
components as a design with an increased fatigue life is preferred. 
According to DNV (2002) recommendations (addressing the structural design of ship 
hulls intended for use world wide), the components are designed and compared using S-N 
curves, representing a stress range versus fatigue life curve, obtained from previous tests 
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Probability of 
failure of 2.5% 
2.5% 13.5% 34% 34% 16% 
Two standard deviations , 
Figure 2.13: Bell curve. 
using similar parameters. A mean-minus-two-standard-deviation curve is applied to all S-
N curves, thus, causing the probability of survival of 97.6%. Figure 2.13 illustrates a bell 
curve showing only a 2.4% (rounded up to 2.5% in the figure) probability of failure 
beyond two standard deviations. DNV (2002) is not clear whether the term survival 
implies that there is no indication of cracks within a component, or that a complete 
rupture has not occurred. 
Table 2.1: Design fatigue factors (NORSOK, 2004). 
Classification of structural 
components based on damage 
consequence 
Substantial consequences 
Without substantial consequences 
Access for inspection and repair 
No access 















The components according to NORSOK Standard recommendations (NORSOK, 2004), 
which is based on recognised international standards, are also designed and compared 
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using S-N curves. However, design fatigue factors, see Table 2.1, are applied to the 
number of cycles depending on the consequence of failure before the fatigue analysis is 
performed. The Germanischen Lloyd Rules and Guidelines (GL, 2008) follow a similar 
fatigue factor method. However, in this case, the factors are applied to the stress range 
depending on structural component and the expected fatigue life to determine the 
permissible stress range of the component. 
Previous efforts to increase the fatigue life of the components included the 
implementation of higher strength steel. However, DNV-RP-C102 (2002) makes mention 
that it was quickly found that the fatigue strength is independent to the yield strength, and 
that modern ship hulls designed with higher strength steel were subjected to higher stress 
levels which caused larger amounts of fatigue crack problems. 
2.3.2 Ultimate Structural Capacity 
Ship hulls are designed for dynamic loads, monotonic loads, as well as fatigue loads. The 
ultimate structural capacity of these hulls is designed for the loads applied while the ship 
is in service. These loads are defined by the Ultimate Limit State (ULS), often using the 
yield strength of the virgin material as its failure criterion. This indicates that ship hull 
structures are usually designed assuming to have redundant ductility in the case of 
premature failure. 
To verify any interaction between the ultimate structural capacity and the fatigue damage 
of ship hull structures, the factors applied to the Ultimate Limit State equations were 
examined. It was found that DNV (2002), NORSOK (2004), and GL (2008) had no 
association to fatigue damage in its ULS equations. 
DNV (2002) made no reference to any possible damage due to fatigue loads. NORSOK 
(2004) and GL (2008) both indicated that the structural reliability of cyclic loads cannot 
be less than the structural reliability of the ULS for monotonic loads. In other words, the 
ULS must be able to withstand the fatigue loads as well as the monotonic loads. 
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However, no interactions were observed in the above mentioned recommended practices 
between the fatigue damage and strength of the ship hull structures. 
2.4 RESIDUAL STRESS AND STRAIN 
Welded connections are often used for structural components in a ship hull structure due 
to their strength and water tight nature. However, due to the heating and cooling of the 
welding process, considerable residual stresses and strains are found in welded 
connections. It is generally accepted that the residual stresses and strains located in the 
longitudinal direction at the weld are in tension and are the largest in magnitude. 
2.4.1 Quantity of residual stress and strain 
The fatigue problem is immensely complicated by residual stress and strain. It is the 
complex patterns of residual stresses and strains that lead to many unexpected and 
inexplicable failures. Therefore, methods of mapping the residual stress have been and 
continue to be researched. Such methods include but are not limited to: (i) hole drilling, 
(ii) sectioning method, (iii) contour method, (iv) finite element (FE) simulation, (v) 
neutron diffraction, and (vi) X-ray diffraction. 
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Figure 2.14: Residual stress distribution in longitudinal direction at welded plate joint 
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Figure 2.15: Residual stress measurements obtained by Kondo and Ostapenko (1964) 
(1 ksi - 6.895 MPa). 
Researchers have shown that the residual stresses alone at the welded locations usually 
reach the level of the yield stress value causing plastic flow in the vicinity of the welded 
connections (Osgood, 1954; Kondo and Ostapenko, 1964; Faulkner, 1975; Wikander et 
al., 1994; Gao et al., 1998; Hu and Jiang, 1998; Dexter and Mahmoud, 2004; and James 
et al., 2006). Osgood (1954) was one of the first to discuss elevated residual stresses in 
welded connections located in ship hull structures. Figure 2.14 demonstrates how the 
average butt weld connection created a residual stress reaching the yield stress of the 
steel, at the time being approximately 30 ksi to 40 ksi (200 MPa to 275 MPa). Figure 2.15 
shows the residual stress measured by Kondo and Ostapenko (1964) reaching just below 
275 MPa (40 ksi). Figure 2.16 and 2.17 illustrates the typical residual welding stresses in 
square box columns and in longitudinal stiffened panels (Faulkner, 1975). It can be seen 
from these figures that the measured yield stress, represented by G0 in the figures, had a 
value of 402 MPa and was significantly surpassed on occasion in tension (Figure 2.17). 
25 
(A) Typical residual stress partem in a welded box member 
b/t« 80, <ro = 402 N/mm
2 (26 ton/in2). 
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(B ) Idealized residual stress pattern In a web with edge welds 
(definition of r\}. Note that the area of the compression 
stress block must equal combined area of tension blacks. 
Figure 2.16: Typical residual welding stresses in square box columns (Faulkner, 1975). 
Gao et al. (1998) measured a tensile residual stress in the longitudinal direction of 325 
MPa (yield strength of 690 MPa) at surface (0 mm in depth) when researching subsurface 
residual stresses (Figure 2.18). Hu and Jiang (1998) measured a residual stress of 
approximately 400 MPa in the longitudinal direction of a stiffener determined by using 
the contour method and FE simulation (Figure 2.19). Figure 2.20 provides the residual 
stress distribution in two specimens by Dexter and Mahmoud (2004). In this figure, 
measured residual stresses in specimen S-2 reaches approximately 400 MPa in tension 
(yield strength estimated at 350 MPa). James et al. (2006) measured the residual stress in 
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Figure 2.17: Typical residual welding stresses in longitudinal stiffened panels 
(Faulkner, 1975). 
high-strength steel. Figure 2.21 illustrates the measured residual stress reaching up to 680 
MPa at a depth of 5 mm in the weld. The yield strength of the steel was 1,028 MPa. 
Residual strains were also measured. However, current methods of measuring residual 
strains are unable to accurately measure the plastic strain due to the residual stress. 
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Figure 2.18: Residual stress measurements in longitudinal direction by Gao et al. (1998). 
measurements from Wikander et al. (1994) by means of neutron diffraction and FE 
simulation. In this figure, the strain is measured in the longitudinal direction of the weld 
(X3). It can be seen that the measured and numerically calculated residual strain reached a 
magnitude of approximately 2,200 microstrain. 
The above studies suggest that residual stresses in the longitudinal direction of the weld 
at the connections reach the yield stress value of the material (Dexter and Pilarski, 2002; 
and Gu and Moan, 2002). The Faulkner model (Faulkner, 1975), shown in Figure 2.16(b) 
and 2.17(a), and used by Dexter and Mahmoud (2004) in Figure 2.20, provides a 
rectangular distribution of the residual stress at a welded connection with a residual stress 
in tension equal to the material's yield stress value. 
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Figure 2.19: Residual stress in a stiffener in the longitudinal direction by use of the 
contour method and FE models (Hu and Jiang 1998). 
2.4.2 Effect of residual stress on cyclic loads 
An offshore ship structure experiences continuous cyclic loads due to wave pressures and 
ship motion. Therefore, fatigue damage accumulates over the service life of the ship. 
Dexter and Pilarski (2002), Gu and Moan (2002), Huther et al. (2004), Kim et al. (2005), 
and Wang et al. (2006) have acknowledged the occurrence of fatigue damage in welded 
connections and have described it to be the main failure mode in today's ship structures. 
When residual stress and other locked-in stresses are present, the fatigue problem is 
complicated due to the presence of mean stresses and strains in the hysteresis loops. With 
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Figure 2.20: Residual stress measurements obtained by Dexter and Mahmoud (2004). 
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Figure 2.21: Residual stress measurements in high-strength steel by James et al. (2006). 
30 
(a) 
-50 -4$ -40 .35 -30 -2$ -3D -IS 
x - ccxsrdimate (mm) 
40 
(b) 
Figure 2.22: (a) Xi, X2, and X3 coordinates of welded beam analysed, (b) Residual 
strain measurements in X3 direction (Wikander et al., 1994). 
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a residual stress reaching and exceeding the yield stress value, there exists plastic flow in 
the vicinity of the weld, creating the potential of significantly reducing the fatigue life of 
the material. For this reason, it is believed that a better understanding of the effect of the 
residual stresses present in a welded connection on the fatigue strength is required. 
2.5 TEST STANDARDS 
To determine the effect of fatigue damage on the mechanical behaviour, more 
specifically the strength and ductility of structural steel, two types of tests must be 
conducted: (i) a fatigue test to induce of fatigue damage to the specimen and (ii) a quasi-
static tensile test to determine the mechanical properties of the steel. 
The applicable ASTM specifications were identified based on the proposed stress or 
strain ranges of the fatigue tests. At stresses greater than the yield value of the material, it 
is recommended to control the strain when conducting fatigue tests. Therefore, ASTM 
E606 - 04: Standard Practice for Strain-Controlled Fatigue Testing (ASTM, 2006b) 
specifications were used to conduct the fatigue tests. ASTM A3 70 - 05: Standard Test 
Methods and Definitions for Mechanical Testing of Steel Products (ASTM, 2006a) 
specifications were used to conduct the quasi-static tensile test. 
2.5.1 Strain-controlled fatigue testing 
The following section provides the specifications that are recommended by ASTM E606 
(ASTM, 2006b). The specifications are considered as recommendations and not 
requirements. However, direct comparison of the results obtained may exclude previous 
studies if the recommendations are not followed. It is noted that fatigue tests are very 
sensitive to any variation in parameters. Therefore, it is important to thoroughly 
understand the specifications in this standard and, if possible, refrain from exercising 
specifications outside of the scope of work provided by ASTM E606. 
32 











3d±d V \ 
r > 4d x 2d 
OLU—-j r î-J K: 
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Figure 2.23: Uniform-gauge and hourglass test sections and examples of end 
connections as per ASTM E 606 (ASTM, 2006b). 
2.5.1.1 Specimen dimensions 
Two types of specimens are recommended when conducting fatigue tests: (i) a uniform-
gauge test specimen (also known as a dog-bone), and (ii) an hourglass test specimen. A 
uniform-gauge test specimen is preferred. However, at a strain range exceeding 2%, the 
gauge section may buckle under compression loading. Thus, an hourglass test specimen 
should be employed with a strain range greater than 2%. On the other hand, it is very 
difficult to determine axial strains by measuring diametral strains. Therefore, an increase 
in the stiffness of the uniform-gauge test specimen is always preferred before adopting 
the configuration of an hourglass test specimen. Figure 2.23 illustrates the recommended 
dimensions of the uniform-gauge test specimen and the hourglass test specimen (ASTM, 
2006b). Specimens with other diameters can still be tested successfully within the scope 
of ASTM E 606 specifications. However, direct comparison to previous studies may 
preclude certain parameters such as crack growth and grain size. 
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To ensure a proper distribution of the load throughout the cross-section, and to minimize 
any concentration of loads, a fillet radius (represented by 'r' in Figure 2.23) as large as 
possible is preferred. It is also important to ensure that no undercut is present at the base 
of the shoulder or anywhere else in the reduced section as it can create a weak link in the 
specimen and cause premature failure. The diameter of the gauge length should be 
measured using an instrument with an accuracy of 0.0005 in (0.0127 mm) at three 
positions along the gauge length. The smallest measurement is to be used for stress 
calculations. 
2.5.1.2 Test setup 
When preparing a test using strain feedback, it is important to keep all parameters 
constant throughout the test due to the elevated plastic flow. For this reason, factors such 
as temperature and the alignment of the specimens are recommended to be monitored 
throughout the tests. The specifications provide no restrictions on environmental factors. 
However, it is important to ensure that the tests are performed with constant factors at all 
times. The alignment of the specimen is required such that a maximum bending stress 
does not exceed 5% of the total axial stress. 
It is recommended that the maximum and minimum strain be repeatable throughout the 
tests to an accuracy of 1%. Although the strain limits occurring in steel structures are 
seldom constant, such consistency in laboratory tests can provide a better understanding 
of the effect of fatigue damage at the specific strain range and can be further compared to 
previous studies. 
When conducting the test, an extensometer suitable for dynamic measurements over long 
periods of times should be employed. It can be found that the knife edge of extensometers 
can slip on the surface of the specimen causing undesirable strain. Therefore, small strips 
of clear tape can often be used to help minimize any occurrence of slippage and cushion 
the attachment. 
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Certain tests may require a gradual increase in the strain amplitude as not to overshoot 
the strain on the first cycle. For this matter, it is acceptable to increase the strain 
amplitude gradually to its maximum value within the lesser of 20 cycles or 2% of its 
fatigue life. The waveform used for the test should be identical throughout the test. If no 
waveform is specified, a triangular waveform is preferred. Either a strain rate or a 
frequency of cycling should be constant throughout the test and the test series. 
2.5.1.3 Data acquisition and translation 
It is important to provide a proper data acquisition system to effectively acquire the 
required information from the test and ensure appropriate translation of that data. 
Depending on the desired information from the tests, the data extracted can either be the 
peaks and valleys of each cycle (tension and compression limits) or multiple data points 
within a cycle. If the latter is employed, a logarithmic recording of the cycles is 
recommended (i.e. at cycle number 1, 2, 5, 10, 20, 50, 100, etc.). If it is not possible to 
record using a logarithmic fashion, it is recommended to record the hysteresis loop of the 
initial cycle as well as at least 10 more cycles if the fatigue life is beyond 100 cycles. 
The failure criteria can be set by choice depending on the desired information. Complete 
rupture or 50% reduction in the load are the preferred failure criteria. 
The report should include all possible information as specified by ASTM E 606 (ASTM, 
2006b). Suggestions and recommendations are provided in this specification to allow for 
a maximum transfer of information as well as ensure a proper comparison can be made to 
previous and subsequent studies. 
2.5.2 Quasi-static tensile test 
The following section provides the specifications that are recommended by ASTM A 370 
(ASTM, 2006a). These specifications refer to the dimensions of the specimens along with 
the test setup and loading rate. 
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Figure 2.24: Suggested round specimen dimensions for quasi-static tensile tests as per 
ASTM A 370 (ASTM, 2006a). 
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2.5.2.1 Specimen dimensions 
Either a round or flat specimen can be implemented when conducting a quasi-static 
tensile test. Being that the fatigue specimens are rounded, only round tension test 
specimens were reviewed and used in the current study. 
Five suggested round specimens are included in the specifications with variations in the 
gauge length, diameter, radius of fillet, and length of reduced section to best 
accommodate the material and testing equipment used for the test. Figure 2.24 illustrates 
the five suggested round specimens from ASTM A 370 (ASTM, 2006a). A standard 
specimen is suggested to provide optimal comparison with previous studies. Throughout 
all of these test specimens, it is important to ensure the gauge length to the nominal 
diameter ratio is 4:1 to provide consistent results in elongation during the tests. For best 
results, the reduced section may have a gradual taper towards the center of the gauge 
length where the center is no more than 1% smaller in diameter than the end of the 
reduced section. Minimum values for the fillet radius (R) are provided in Figure 2.23. 
There are also five suggested types of end connections for standard round tension test 
specimens as shown in Figure 2.25. Any of these connections can be employed properly 
and is determined purely on the preferred method of connection to the cross-heads. 
2.5.2.2 Test setup 
A quasi-static tensile test is performed in accordance with ASTM A 370 specifications 
and is done axially. Therefore, the specimen needs to be aligned properly as to minimize 
any bending or twisting at the beginning and during the test. Gripping of the specimen is 
restricted to the section outside of the gauge length. In the case of wedged connections 
(jaws), it is desirable to extend the end connection into the jaws a distance of at least two 
thirds of the length of the jaws. 
The speed of testing is primarily limited to that at which the load and strain can be 
measured accurately. There are three suggested ways of determining the test speed: (i) 
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Figure 2.25: Suggested end connections for round specimens as per ASTM A 370 
(ASTM, 2006a). 
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machine, and (iii) rate of stressing. To best provide the mechanical properties of 
structural members (generally steel), it is best to control the rate of separation of the two 
cross-heads. Therefore only the recommended rates for this type of loading speed was 
reviewed and considered. 
To determine the yield strength of the specimen, the rate of separation of the cross-heads 
shall be setup as not to exceed 1/16 in (1.59 mm) per min per inch of gauge length 
(0.0625 mm per min per mm of gauge length). In determining the tensile (ultimate) 
strength of the specimen, the rate of separation shall not exceed more than 1/2 in (12.7 
mm) per min per inch of gauge length (0.5 mm per min per mm of gauge length). In any 
event, the minimum testing speed shall be no less than 1/10 of the maximum speed to 
determine the yield strength of the specimen (0.00625 mm per min per mm of gauge 
length). 
2.6 SUMMARY 
This chapter provided a detailed literature review on fatigue damage. This investigation 
was done to observe the details from previous research on fatigue damage. The following 
provides a summary of the observations. 
1. Much research has been conducted on the cycle-dependent material response in a 
fatigue loading condition. However, there is a lack of research on the cycle-dependent 
changes in the mechanical properties due to fatigue damage. 
2. Most studies were conducted to determine the fatigue life of the material. Meanwhile, 
many studies are now looking for sustainability methods in fatigue damage (increase the 
fatigue life). Only one study was found to determine some of the effects of fatigue 
damage on the mechanical properties of the material. That is, Murakami and Miller 
(2002) observed a decrease in the ductility with an increase in the fatigue damage. 
However, many researchers have expressed concerns regarding the damage caused by 
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fatigue loads and its influence on the ultimate load carrying capacity and ductility 
(Sandor, 1972; Gao et al., 1998; Dexter and Pilarski, 2002; and Wang et al., 2006). 
3. Residual stresses in welded connections are found to exceed the yield strength of the 
material. Therefore, low-cycle-fatigue can occur at the welded connections. Dexter and 
Pilarski (2002), Gu and Moan (2002), Huther et al. (2004), Kim et al. (2005), and Wang 
et al. (2006) have acknowledged the occurrence of fatigue damage in welded connections 
and have described it to be the main failure mode in today's ship structures. 
Therefore, the current study was undertaken to understand how various levels of fatigue 
damage can influence the mechanical behaviour of steel. 
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3 TEST PROCEDURE 
This chapter describes the test specimens and test method used to determine the effect of 
the low-cycle-fatigue (LCF) damage on the mechanical properties (strength, ductility, 
etc.) of structural steel. A series of tests were undertaken in the Structural Engineering 
laboratory at the University of Windsor using two different structural steels and various 
cyclic strain ranges. Each test series comprised of specimens subjected to various LCF 
strain cycles followed by a quasi-static tensile deformation until they ruptured. 
A total of three tests series consisting of 57 steel specimens were designed and tests were 
undertaken on steel specimens of two different strength. The strain range for the first two 
test series was set at 3,000 microstrain (2,500 microstrain in compression and 500 
microstrain in tension). Specimens of the third test series were subjected to a strain range 
of 2,000 microstrain (1500 microstrain in compression and 500 microstrain in tension). In 
this study, the reference strain refers to the initial strain placed on the specimens before 
the strain range mentioned above is applied. The reference strain for each test series was 
set to simulate the strain experienced in the material for that test series when subjected to 
a residual stress in a welded connection which was assumed to be the yield strength. The 
reference strain was determined using quasi-static tension tests. 
3.1 TEST SPECIMEN 
3.1.1 Material composition and mechanical properties 
Carbon steel similar to that used in ship hull structures was chosen for this study. A high-
strength steel was chosen to simulate the steel used in many components of a new ship 
structures, and a mild steel similar to that used in older ship structures was chosen. Table 
3.1 shows the chemical composition of the steel used in all three test series. Cold-rolled 
bars were used to represent a high-strength carbon steel while a hot-rolled bar was used 
to represent a mild carbon steel. 
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Table 3.2 shows the mechanical properties of he steel used in each test series. Figure 3.1 
shows the Engineering stress-strain behaviour of these three different steel specimens. 
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Calculated using the final displacement of the gauge length after rupture. 
3.1.2 Specimen dimensions 
Two different specimens as recommended in ASTM E606 (ASTM, 2006a) and ASTM 
A3 70 (ASTM, 2006b) were used in this study. ASTM E606 provides the specifications 
and guidelines for strain-controlled fatigue tests for determining LCF life. ASTM A370 
provides the specifications and guidelines for determining quasi-static mechanical 
properties of materials based on simple quasi-static tensile tests. All the tests in this study 
followed recommended procedures of these two ASTM standards. 
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Fatigue type specimens with a uniform gauge length (also known as dog-bone shaped 
specimen) were used as recommended by ASTM E606 for specimens subjected to a 
strain range not exceeding 2% (20,000 microstrain). 
a> 300 -
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Figure 3.1: Engineering stress-strain curve for all three test series. 
The dimensions of the fatigue specimen were two times the values recommended by 
ASTM E606 to accommodate a 50.8 mm (2.0 in) extensometer (Figure 3.2). Thus, the 
gauge diameter, gauge length, fillet radius, and shoulder thickness were chosen as 12.7 
mm (0.5 in), 50.8 mm (2.0 in), 50.8 mm (2.0 in), and 25.4 mm (1.0 in), respectively. A 
difference of 6.35 mm (57.15 mm - 50.8 mm) was present between the reduced section's 
length and the extensometer's gauge length. Therefore, occurrence of crack growth 
outside of the extensometer's gauge length was a possibility. In a few instances, the crack 
initiation and the specimen rupture occurred outside of the gauge length. These tests were 
voided. ASTM E606 specifies that specimens with other dimensions varying from 
recommended specimens may still be successfully tested within the scope of the practice. 
However, direct comparison to recommended specimens might not be permitted when 
comparing crack growth rate, specimen grain size, and other considerations. Since this 
Test Series 2 
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study does not require direct comparison to test results on any of the above mentioned 
considerations, it was decided that the specimens with increased dimensions would still 
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Figure 3.2: Specimen dimensions. 
The dimensions of the reduced section of the fatigue type specimens were found to be 
identical to that of the recommended standard 0.500 in (12.5 mm) round tension test 
specimen with 2 in (50 mm) gage length from ASTM A370 specifications. Therefore, all 
tension test specimens have the same dimensions. The minimum recommended fillet 
radius of 10 mm from ASTM A370 specifications was increased to 25.4 mm to provide a 
matching fillet radius as that of the fatigue type specimen. Figure 3.3 illustrates how the 
dimensions chosen have an identical reduced section to that of the fatigue type specimens 
to minimize the time required when machining both fatigue and tensile test type 
specimen. All specimens were shaped using a lathe to ensure no initial strain occurred 
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Figure 3.4: Flat end connection for specimens of Test Series 1. 
The end sections of the specimens were prepared to accommodate the jaws inserted in the 
modular grips of the fatigue machine. Flat jaws were used in the hydraulic grips for Test 
Series 1. Therefore, flat end sections were used to facilitate grip by the jaws (Figure 3.4). 
The thickness of the end sections was set to 15.7 mm as to ensure that the area with the 
smallest thickness (12.7 mm) was located within the uniform gauge length. The 
transitions from the end section (15.7mm) to the larger shoulder sections (25.4 mm) were 
curved at a radius of 4.85 mm to minimize any stress concentrations that could occur 
under cyclic loading. In addition, the length of the shoulder was set to 38.1 mm (1.5 in) to 
ensure an even load distribution throughout the uniform gauge length 
It was found that the use of flat jaws created difficulties in the setup of the specimen, as 
well as its alignment. It is relatively easy to align the flat ended specimen in the plane of 
the flat surface of the end section. However, alignment in the perpendicular plane is 
relatively difficult and thus, the specimen is susceptible to misalignment in that plane 






Figure 3.5: Illustration of alignment and misalignment of specimens using fiat jaws. 
specimen to provide a correct alignment and minimize any loading eccentricity. This will 
be discussed further in this chapter when discussing the test setup. Nonetheless, round 
jaws capable of accommodating sections with diameters of 12.7 mm to 19.05 mm (0.5 in 
to 0.75 in) were used for subsequent test series. Figure 3.6 illustrates how the use of 
round jaws is a better choice for minimizing misalignment of the specimens by restricting 
any shifting of the end connection in both planes before pressure on the jaws is applied. 
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Figure 3.6: Round jaws gripping and automatically aligning the specimen. 
Figure 3.7: Shape of specimens for all three test series. 
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that the area of the end connections was much greater than that of the gauge length. The 
shape of a specimen from all three test series is shown in Figure 3.7. 
3.2 TEST MATRICES 
A test procedure was designed for determining the effect of LCF damage on mechanical 
behaviour, especially the strength and ductility of the specimens used. 
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Note: Four more specimens were used to ensure the validity of obtaining quasi-static 
mechanical properties of the material using fatigue type specimens. 
The test matrix of all test series is shown in Table 3.3. The first series (Test Series 1) was 
considered as a benchmark test series for the other series. The objective was to optimize 
the number of tests and maximize the useful test data. A total of three test series were 
completed to determine the effect of LCF damage on mechanical behaviour in general 
and the strength and ductility in particular of high-strength and mild structural steel when 
subjected to various strain ranges. The frequency of strain loading for the fatigue tests 
were set according to ASTM E606 which specifies that the maximum and minimum 
strain values should be repeatable throughout the test to 1% accuracy. The reference 
strain used for each test series was determined by reviewing the stress-strain behaviour of 
the specimens. This will be discussed further when discussing the test matrix of each test 
series. 
The specimens are identified by their unique names. As an example, for specimen 2-
F010P-3, the first number (2) indicates that the specimen belonged to Test Series 2. The 
first letter 'F ' indicates that it was a fatigue type specimen as in ASTM E606. A 'P' 
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instead of an 'F ' indicates a tensile test type specimen as in ASTM A370. The following 
number (010) indicates that the specimen experienced 10,000 strain-controlled fatigue 
cycles. The last letter indicates how the specimen was finally loaded to its failure. The 
letter 'P' indicates that the specimen was ruptured under the application of quasi-static 
tensile deformation. An 'F' instead of a 'P' indicates the failure occurred due to the 
application of fatigue load cycles only. The last number (3) indicates that this test is a 
repeat test and it was the third (second repeat) test with 10,000 strain-controlled cycles. 
3.2.1 Quasi-static tension tests validation 
Quasi-static tension tests were first conducted on both fatigue and quasi-static tension test 
type specimens (Figure 3.3) to ensure the validity of obtaining quasi-static mechanical 
properties of the material using a fatigue type specimen. Thus, two specimens of both 
types for high-strength (cold-rolled) and mild (hot-rolled) carbon steel were tested and 
the test data for both strain and load was acquired. Figure 3.8 shows the nominal stress-
strain curves obtained from both tests: (i) using a tensile test specimen as specified in 
ASTM A3 70 and (ii) using a fatigue specimen as specified in ASTM E606. 
The extensometer was removed after approximately 10% strain occurred during all 
tensile tests of the first test series to avoid any damage to the extensometer. This strain 
value was chosen because it was beyond the ultimate (tensile) strength and prior to 
rupture. This ensured the extensometer would not be damaged during rupture. The first 
four tensile tests (specimen i, ii, 1, and 2) in the second test series were also conducted in 
the same manner. After the fourth tensile test in the second test series, safety measures 
were taken so that the extensometer did not get damaged during rupture. Therefore, 
subsequent tests were conducted with the extensometer attached until rupture. 
The nominal quasi-static tensile stress-strain behaviour obtained from the two types of 
specimens for both high-strength and mild carbon steel (Figure 3.8) look very similar and 
thus, it was concluded that a quasi-static tension test on a fatigue type specimen with 
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Figure 3.8: Nominal stress-strain relationship: (a) for high-strength (cold-rolled) 
carbon steel, and (b) for mild (hot-rolled) carbon steel. 
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dimensions in accordance with ASTM E606 specifications can be used to determine the 
quasi-static tensile mechanical properties of the material. 
3.2.2 Test Series 1 
The test matrix used is shown in Table 3.4. Two fatigue type specimens (1-F000P-1 and 
1-F000P-2) were subjected to a quasi-static tensile deformation only in accordance with 
ASTM A370. These specimens are considered Pull specimens (Table 3.4). The objective 
of these tests was to determine quasi-static material behaviour such as strength and 
ductility. The ductility for these two Pull specimens was determined using the final 
deformation of the gauge length after rupture since the extensometer was removed prior 
to rupture of the specimen because of the fear that if may be damaged while the 
specimens fail. 


























































Specimen 10 and 11 failed after 175,000 and 185,000 fatigue cycles respectively. 
Specimen i and ii were used to ensure the validity of obtaining quasi-static mechanical 
properties of high-strength (cold-rolled) steel using a fatigue type specimen. 
Figure 3.9 shows how the yield stress values were determined from the two tensile tests. 
The vertical line A was drawn where the stress-strain curve becomes non-linear. It was 
found that this line corresponds to nominal strain of 0.0025 (0.25%) (Figure 3.9). This 
was done to reproduce the residual stress and strain that are found in welded connections 
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prior to the application of strain cycles. Line B represents the conventional 0.2% offset 
yield method. Therefore, the strain reference point was set at 2,500 microstrain in 
tension. A strain ranging from 2,500 microstrain in compression and 500 microstrain in 
tension was applied to the reference strain. Thus, the fatigue cycles for the first test series 
had a strain range of 3,000 microstrain (0 microstrain to 3,000 microstrain). At this strain 
range, if was found that a frequency of 5 Hz allowed for sufficient accuracy in strain 
feedback from the extensometer so that the maximum and minimum strain values were 
repeatable throughout the test to 1% accuracy. 
Strain 
Figure 3.9: Determination of yield strength for Test Series 1. 
Two specimens (1-F185F-1 and 1-F175F-2) were subjected to LCF load cycles only at 
this strain range and at a frequency of 5 Hz in accordance with ASTM E606 and thus, no 
quasi-static tensile load or deformation were applied to these specimens. These 
specimens are considered Fatigue specimens (Table 3.4). The objective of these tests was 
to determine the LCF life of the material. An average result of the two specimens was 
used to provide the benchmark for the fatigue life of the material. A fatigue life of 
180,000 LCF strain cycles was found. The remaining specimens (specimens 3 through 7) 
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were first subjected to various LCF load cycles followed by a quasi-static tensile 
deformation until they ruptured. These specimens are considered Fatigue-Pull specimens 
(Table 3.4). The objective of these tests was to introduce various levels of LCF damage 
in the material before undertaking a quasi-static tensile test. Thus, these Fatigue-Pull 
specimens (specimens 3 through 7) were first subjected to LCF strain cycles in 
accordance with ASTM E606 and then followed by a quasi-static tensile deformation in 
accordance with ASTM A370. Tests were undertaken at 45,000, 90,000, and 135,000 
LCF load cycles (at each quarter fraction of the fatigue life). The results of these tests 
showed that further tests were required for 5,000 and 20,000 LCF load cycles. 
3.2.3 Test Series 2 
The test data of the first test series provided satisfactory results. Therefore, the second 
test series was carried out in the same manner. The test matrix used for this test series is 
shown in Table 3.5. Pull specimens 2-F000P-1, 2-F000P-2, 2-F000P-3, and 2-F000P-4 
400 n 
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Figure 3.10: Determination of yield strength for Test Series 2. 
54 
were subjected to a quasi-static tensile deformation only in accordance with ASTM 
A370. The ductility for the first two Pull specimens (2-F000P-1 and 2-F000P-2) was 
determined using the final deformation of the gauge length after rupture. At this point, 
safety measures were used so that the extensometer did not experience any damage due to 
the rupture of specimens. Therefore, two more Pull specimens (2-F000P-3 and 2-F000P-
4) were tested and their ductility was calculated using the extensometer as discussed in 
section 3.2.1. The ductility for all subsequent specimens was calculated using the 
extensometer. 

























































































































Specimen 19 through 24 failed after their respective amount of cycles endured. 
Specimens 2-F001P-1 and 2-F001P-2 were subjected to only 1 fatigue cycle and not 
1,000 fatigue cycles. Specimen i and ii were used to ensure the validity of obtaining 
quasi-static mechanical properties of mild (hot-rolled) steel using a fatigue type 
specimen. 
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Figure 3.10 shows how the yield stress values were determined from all four tensile tests. 
Line A in Figure 3.10 shows the 0.2% offset yield strength of the specimens. This steel 
exhibited a yield stress plateau that progressed up to a nominal strain of a maximum of 
11,500 microstrain (illustrated by vertical line B). Previous studies have shown that the 
residual stress in a welded connection often reaches the tensile yield stress value as well 
as an elastic strain of 2,000 microstrain (Osgood, 1954; Kondo and Ostapenko, 1964; 
Faulkner, 1975; Wikander et al., 1994; Gao et al., 1998; Hu and Jiang, 1998; Dexter and 
Mahmoud, 2004; and James et al., 2006). Therefore, a total strain value of 11,500 
microstrain was taken as the reference strain point reproducing the residual stress in a 
welded connection. The strain range was set to 3,000 microstrain with 2,500 microstrain 
in compression and 500 microstrain in tension. This was done to maintain consistency in 
the strain range with the first test series so that comparisons can be done. Therefore, a 
strain ranging from 9,000 microstrain to 12,000 microstrain was used for the second test 
series. At this strain range, it was found that a frequency of 4 Hz allowed for sufficient 
accuracy in strain feedback from the extensometer so that the maximum and minimum 
strain values were repeatable throughout the test to 1% accuracy. 
In addition, two Fatigue-Pull specimens (2-F001P-1 and 2-F001P-2) were subjected to a 
fatigue test in accordance with ASTM E606 for only one cycle. The reference strain of 
0.0115 was expected to harden the material. Therefore, the objective of these tests was to 
induce one fatigue cycle to determine the quantity of cycle-dependent hardening. These 
specimens were then subjected to a tensile test. The results of these tests provided a 
benchmark when testing for the quasi-static material behaviour such as strength and 
ductility for subsequent tests in this series. 
It was found that a small variation in strain of the yield plateau in the mild steel caused a 
significant variation in the fatigue life of the material with a strain ranging from 0.009 to 
0.012. Therefore, six Fatigue specimens, specimens 19 through 24 in Table 3.5 (2-F106F-
1, 2-F110F-2, 2-F132F-3, 2-F142F-4, 2-F195F-5, and 2-F208F-6), were subjected to LCF 
strain cycles only in accordance with ASTM E606 and thus, no quasi-static tensile load 
or deformation was applied. The average of the results of the first four was used to 
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provide the benchmark for the fatigue life of the material in the second test series. Fatigue 
specimens 2-F195F-5 and 2-F208F-6 were not used since their fatigue lives were much 
different from other Fatigue specimens. Thus, an average fatigue life of 122,500 LCF 
load cycles was found. The remaining Fatigue-Pull specimens (specimens 7 through 18) 
were first subjected to various predetermined LCF strain cycles followed by a quasi-static 
tensile deformation until they ruptured. Similar to the variation in the fatigue life of the 
material, many tests were repeated due to the inconsistency of the results. This allowed 
for the average of all repeated tests to be compared. 
3.2.4 Test Series 3 
The test matrix used for the third test series is shown in Table 3.6. Pull specimens 3-
F000P-1, 3-F000P-2, 3-F000P-3, and 3-F000P-4 were subjected to a quasi-static tensile 
deformation only in accordance with ASTM A370. The ductility of all four specimens 
was calculated using the extensometer's final displacement. Small variations were found 
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Figure 3.11: Determination yield strength for Test Series 3. 
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more tension tests were conducted to provide an accurate representation of the stress-
strain relationship of the virgin specimens in this test series. 































































































No specimens failed in rupture due to fatigue cycles only. 
Figure 3.11 shows how the yield stress values were determined from the four tensile tests. 
The reference strain value for this test series was determined in the same manner as that 
of the first test series. The strain equivalence of the point of first yield (see line A of 
Figure 3.11) was used as the strain reference point. Thus, the reference strain was set at 
2,500 microstrain in tension. The strain range for this test series was decreased from 
3,000 microstrain to 2,000 microstrain. This would allow for a direct comparison of the 
effect of the fatigue damage on the mechanical behaviour of the steel when subjected to a 
different strain range. A strain ranging from 1,500 microstrain in compression and 500 
microstrain in tension was applied to the reference strain (2,500 microstrain). Thus, the 
fatigue cycles for the third test series had a strain ranging from 1,000 microstrain to 3,000 
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Location of crack initiation 
Figure 3.12: Failure at end connection of specimen 3-F2070P-1. 
microstrain (0.001 to 0.003). At this strain range, if was found that a frequency of 7 Hz 
allowed for sufficient accuracy in strain feedback from the extensometer. 
Fatigue-Pull specimen 3-F2070P-1 was intended to fail in rupture due to LCF strain 
cycles only in accordance with ASTM E606 specifications. However, the specimen 
endured 2,070,000 strain cycles before failing in rupture at the end connection. Figure 
3.12 shows the specimen after failure and its rupture surface showing the crack 
propagation path. This indicates that it failed due to fatigue damage. It is believed that the 
pressure on the end connections along with the indentation of the teeth of the jaws caused 
a crack to propagate in the cross-sectional area of the end connections at a quicker rate 
than a crack in the smaller uniform-gauge area. Therefore, it was determined that a larger 
diameter at the end connections is required. Due to economic reasons, this was not 
possible. Therefore, the fatigue life of the steel at a strain ranging from 0.001 to 0.003 
was not calculated and the effect of the fatigue damage on the mechanical properties of 
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the steel as the fatigue life of the material was approached was not determined. The total 
number of strain cycles of 2,070,000 was decided to be sufficient enough to determine 
the effect of the fatigue damage on the mechanical properties of the steel in the earlier 
portion the material's fatigue life. Thus, a tension test on Fatigue-Pull specimen 3-
F2070P-1 was conducted. Figure 3.13 shows the end connection of the specimen was cut 
to provide a sufficient grip for a tension test. 
Figure 3.13: Change in end connection of specimen 3-F2070P-1 prior to tension test. 
The remaining Fatigue-Pull specimens (specimens 5 through 19) were first subjected to 
various predetermined LCF strain cycles followed by a quasi-static tensile deformation 
until they ruptured. Many tests showed large variations in the total ductility of the 
specimen when subjected to a tensile test. It is believed that the variations are due to the 
occurrence of the necking of the cross-sectional area near the knife edge of the 
extensometer (Figure 3.14). This hindered the extensometer's ability to measure the full 
ductility of the specimen. Therefore, further repeat tests were conducted with a taper in 
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Necking occurred too close to j 
the extensometer's knife edge: j 
full ductility not retrieved. I 
i 1 j 
Necking occurred at the middle 
of the gauge length: full ductility 
retrieved. 
Figure 3.14: Location of the rapture during tension test. 
the specimens' uniform-gauge diameter where the smallest diameter was located at the 
center of the gauge length. This ensured that the necking occurred at the center of the 
uniform-gauge length and the extensometer was capable of retrieving the data for the full 
ductility of the specimen. 
3.3 LABORATORY SETUP 
This section will discuss the laboratory's testing equipment along with the test setup and 
quality control methods that were used to conduct the tests. 
3.3.1 Test equipment 
Figure 3.15 shows the entire laboratory test setup. The tests were conducted in the 
Structural Engineering laboratory of the University of Windsor at room temperature. A 
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Figure 3.15: Complete laboratory setup. 
Figure 3.16: INSTRON Model 1332 fatigue testing frame. 
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Figure 3.17: Automatic computer control and data acquisition system. 
±100 kN INSTRON Model 1332 fatigue testing frame was used to perform these tests 
(Figure 3.16). This machine is operated by an MTS Model 505.60 hydraulic power unit 
(Figure 3.15) and controlled by an automatic computer control and data acquisition 
system (Figure 3.17). The INSTRON Series 2742 modular hydraulic grips shown in 
Figure 3.18 were aligned and levelled carefully to minimize eccentricity during loading 
of the specimens. A 50.8 mm (2 in) gauge length MTS Model 634.25F-24 axial 
extensometer was used to provide strain feedback when conducting the tests. 
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Figure 3.18: Specimen setup. 
3.3.2 Test setup 
Clear tape was placed on the specimens at the location of the extensometer's knifes (see 
Figure 3.18). The tape helps in preventing formation of cracks on the surface of the 
specimen due to the extensometer's knife edge as this could lead to early crack 
propagation and ultimately decrease the specimen's fatigue life. The INSTRON testing 
frame and MTS hydraulic power unit were warmed up until the oil temperature reached 
beyond 37.8 °C (100 °F). The specimens were installed between the jaws in the modular 
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grip of the test frame. Figure 3.19 illustrates how test specimens using the flat jaws were 
aligned using metals shims preventing misalignment parallel to the surface of the jaws. 
No additional alignment was required when using round jaws as shown earlier in Figure 
3.6. Hydraulic pressure of 34.5 MPa was applied to all jaws ensuring that the specimens 
did not slip over the course of the tests. After specimen installation, the extensometer was 
placed on the specimen as shown in Figure 3.18. A small light cloth was placed on the 
body of the extensometer to dampen the vibrations of the extensometer during the tests 
(Figure 3.20). The tests were conducted in strain control feedback mode. Therefore, a 
correct application of the extensometer was required to ensure the strain range was 
accurate. 
(a) (b) (c) 
Figure 3.19: Metals shim used to correctly align specimens when using flat jaws, (a) Metal 
shim in place between the specimen and the grip head, (b) Metal shim being removed after 
pressure is applied to the jaws, (c) The specimen is correctly aligned. 
65 
Figure 3.20: Cloth used to dampen the vibrations of the extensometer. Note that the 
cloth is on the body of the extensometer as not to interfere with the strain measurements 
The strain range was inputted into the automatic computer control in the form of a sine 
wave. This waveform was chosen as it reduced the variation in maximum and minimum 
strain values to ensure the values were repeatable throughout the test to 1% accuracy. The 
load and strain data for all the tests were acquired through the data acquisition system. 
Limit values were set on the load, displacement of the actuator, and displacement of the 
extensometer throughout the tests to avoid any damage to the test frame and 
extensometer during the tests. This was done through the automatic computer control. All 
three limits were set so that the strain range was not affected, but so the specimen would 
not fail in case of any accidental overload. In the case of a tension test, no limits were 
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present on the tension load. However, limits were still used for the compression load. A 
limit was always present for the maximum and minimum displacement of the actuator 
and extensometer. If for any reason the limits were breached, the hydraulic pressure to 
the INSTRON frame was automatically turned off. At this point, the test was voided and 
the specimen was removed and replaced before another test was conducted. 
3.3.3 Quality control 
Since the test data are very precise, quality control measures were taken to maximize the 
efficiency of the tests and to minimize any interference. It was observed that load and 
strain values changed if noise and other vibrations existed in the laboratory during the 
tests. Therefore, significant wind and noise vibration were removed from the spectrum as 
to not interfere with the sensitivity of the extensometer when in strain control feedback 
mode. It was also noticed that the presence of people near the automatic computer control 
could vary the load by as much as 2 kN. While attempts were made to minimize the 
variations by grounding the electrical system, access to the testing area was blocked off 
during testing periods. Such actions reduced the variations to negligible amounts. 
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4 TEST RESULTS - TEST SERIES 1 
This chapter discusses the results from the data obtained from the first test series. The 
objective is to determine the effect of the fatigue damage on the mechanical properties 
such as strength and ductility of the specimens by examining the specimens' material 
responses. Material responses such as stress-strain cycle-dependent responses, mean-
stress relaxation, plastic shakedown, and their effect on the energy absorption rate are 
analyzed. Furthermore, the mechanical properties of the specimens after various levels of 
induced fatigue damage are plotted to best discuss the effect of the fatigue damage. Table 
4.1 provides the test matrix for Test Series 1. Appendix A presents additional figures 
complementing the figures presented in this chapter. 
















































Specimen 8 and 9 failed after 175,000 and 185,000 fatigue cycles respectively. 
Specimens written in bold letters were used to illustrate the effect of fatigue damage. 
4.1 NOMINAL STRESS-STRAIN BEHAVIOUR 
As mentioned in section 3.2.2.1, tensile tests were conducted on fatigue specimens to 
obtain the quasi-static mechanical properties of a virgin (Pull) specimen (specimen 1-
F000P-1 and 1-F000P-2 from Table 4.1). That section discussed how the properties of the 
specimens were analyzed to determine the parameters of the fatigue tests. In addition, the 
results of these tests were used as a benchmark when comparing the results of specimens 
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with fatigue damage. Table 4.2 provides the yield strength, ultimate (tensile) strength, 
and modulus of elasticity obtained from the virgin specimens. 




























Nominal quasi-static tension test data for all specimens were plotted to evaluate the effect 
of various levels of fatigue damage on the mechanical properties of the specimens. The 
yield strength, ultimate (tensile) strength, and ductility of the specimens were compared 
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Figure 4.2: Nominal stress-strain curve - three specimens. 
the quasi-static nominal tensile stress-strain relationship obtained from all seven Pull and 
Fatigue-Pull specimens with various levels of LCF damage. It is important to note that 
for Test Series 1, the extensometer which measures strain data was removed after 
approximately 10% strain because of the fear that it may be damaged due to rupture of 
the specimen. Therefore, the stress-strain curve was completed by measuring the final 
elongation of the same gauge length. To provide greater clarity of the effect of the 
accumulation of fatigue damage, Figure 4.2 is plotted illustrating three of the specimens' 
stress-strain plots (l-FOOOP-l, 1-F005P-1, and 1-F135P-1). 
It can be seen from this figure that the strength of the material appears to decrease with 
increase in accumulated fatigue damage. Therefore, a closer look at the elastic portion of 
the stress-strain curve was required. It was found that the accumulation of fatigue damage 
introduced an early non-linearity in its usual linear stress-strain behaviour at a much 
lower stress value (approximately at 130 - 250 MPa) as shown in Figure 4.3. Therefore, 
it was decided that the point of first yield would not be an effective method for 
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Figure 4.3: Non-linearity in early stages of stress-strain curve. 
determining the yield strength of the material. Thus, the yield strength was determined by 
the conventional 0.2% strain offset method as shown in Figures 4.3 and 4.4. This finding 
raises a question on how the modulus of elasticity and yield strength is currently 
determined and used for designs of steel structures; more specifically in those subjected 
to fatigue damage such as ship hull structures. The ultimate (tensile) strength was 
determined by identifying the maximum stress point. Figures 4.3 and 4.4 show the 
decrease in the yield strength of the specimens with the increased fatigue damage 
accumulation (fatigue cycles). The reduction in yield strength with the increase in fatigue 
damage is due to the aforementioned early non-linearity in stress-strain behaviour. 
However, the fatigue damage did not appear to have much effect on the ultimate (tensile) 
strength. It is observed that the ultimate strength occurred at higher strain levels as more 
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Figure 4.4: Yield strength and ultimate (tension) strength criterion. 
4.2 CYCLE-DEPENDENT RESPONSE 
An analysis was performed to identify the cycle-dependent responses of the material 
while enduring fatigue damage. The term 'cycle-dependent response' refers to the 
response observed by the material from one cycle to the next. The results obtained from 
Fatigue specimen 1-F185F-2 (see Table 4.1) were used to represent the results due to its 
average representation of the cycle-dependent responses exhibited by all specimens. 
4.2.1 Mean-stress relaxation 
Figure 4.5 shows the average stress hysteresis for specimen 1-F185F-2. The maximum 
and minimum stress values at every 10,000 cycles (at cycle 0, 10,000, 20,000, etc.) were 
used to plot the stress hysteresis. This figure shows that mean-stress relaxation occurred 
as the stress hysteresis progressed. It is observed that the rate of relaxation is exponential 
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Figure 4.5: Cycle-dependent response of Fatigue specimen 1-F185F-2 
200000 
Mean-stress 
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Figure 4.6: Cycle-dependent response of specimen 1-F185F-2 - first 20,000 cycles 
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and it is relatively high within the first 20,000 cycles as shown in Figure 4.6. In this 
figure, the maximum and minimum stress values at every 1,000 cycles are used. The 
mean-stress relaxation continued to occur as the level of accumulated fatigue damage 
increased, although at a greatly reduced rate. However, there was a significant 
acceleration in the mean-stress relaxation towards the last 20,000 to 30,000 cycles, that 
is, after approximately 85-90% of its fatigue life was exhausted (Figure 4.7). At this 
point, it is expected that fatigue damage accumulation was much higher and may be due 
to the formation of larger cracks, thus, causing a rapid decrease in material strength. 
Mean-stress 
155000 161000 167000 173000 179000 185000 
Cycle 
Figure 4.7: Cycle-dependent response of specimen 1-F185F-2 - last 30,000 cycles. 
4.2.2 Cycle-dependent softening 
Along with the mean-stress relaxation, cycle-dependent softening occurred throughout 
the fatigue life of the material. Cycle-dependent softening is due to a decrease in the 
material's stiffness, thus, making the material less resistant to deformation. In turn, the 
stress range decreases from one cycle to the next under strain-controlled conditions. 
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Figure 4.8: Decrease in stress range of specimen 1-F185F-2. 
Figure 4.8 provides an illustration of the decrease in stress range due to cycle-dependent 
softening. It can be seen from this figure that the cycle-dependent softening occurred at a 
faster rate during the first 20,000 cycles. Afterwards, negligible changes in stress limits 
occurred from one cycle to the next. Therefore, it can be said that plastic shakedown took 
place after the first 20,000 cycles. Plastic shakedown is a condition where there is no net 
accumulation of plastic deformation from cycle to cycle. It can be seen from Figure 4.8 
that the decrease in the stress range appears to occur in a similar exponential fashion as 
that of the mean-stress relaxation. Nonetheless, the occurrence of both mean-stress 
relaxation and cycle-dependent material softening are not dependent on each other, 
although they both occur due to the plastic flow that occurs from cycle to cycle. It was 
found that the mean-stress relaxation does not affect the energy absorption rate. However, 
variations in the stress range can affect the energy absorption rate. 
The occurrence of cycle-dependent softening can also be seen in Figure 4.9. This figure 















Figure 4.10: Stress-strain hysteresis loops of specimen 1-F185F-2. 
76 
2. In this figure, the hysteresis loop was plotted for cycles 1, 500, 1,000, 5,000, 10,000, 
20,000, 50,000, 100,000, 150,000, 160,000, 170,000, and 180,000. Figure 4.10 shows the 
same progression with a fewer number of hysteresis loops for greater clarity. The number 
shown beside the loop in Figure 4.10 represents the actual fatigue cycle count for that 
particular loop. It can be seen from these figures that as the fatigue cycles progressed, the 
material exhibited gradual decrease in resistance to deformation, also known as cycle-
dependent softening. Therefore, the stress range was decreasing. By viewing the stress-
strain hysteresis loops for the first 150,000 cycles, it can be seen that the cycle-dependent 
softening is more prominent on the tension side and occurred until failure (Figure 4.11). 
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Figure 4.11: Stress-strain hysteresis loops of specimen 1-F185F-2 - up to 150,000 cycles. 
Therefore, this further demonstrates that both mean-stress relaxation and cycle-dependent 
softening occurred throughout the course of the fatigue life. By reviewing the hysteresis 
loops near the end of its fatigue life (beyond 150,000 cycles, as shown in Figure 4.12), it 
is observed that the stress limit in tension decreased at an increasing rate. This may be 
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Figure 4.12: Stress-strain hysteresis loops of specimen 1-F185F-2 - final 30,000 cycles. 
is observed that the stress limit in compression also decreased, although not significantly. 
The material's ability to sustain tension load is decreased with the presence of large 
cracks. Therefore, the total plastic deformation (energy absorbed) in tension, caused by 
loading in tension, decreased from one cycle to the next due to the formation of larger 
cracks. This will be discussed further in section 4.2.3. In addition, a complete strain 
reversal requires a compression load to overcome any plastic deformation caused by the 
tension load. Therefore, it is believed that this decrease in plastic deformation in tension 
reduced the required compression load to create a complete strain reversal. Therefore, the 
compression limit from one cycle to the next was decreasing as the fatigue life was near 
exhaustion. 
4.2.3 Energy absorption 
Energy is absorbed by the material as the damage accumulates. This is caused by the 
plastic flow from one cycle to the next. By measuring the area of the load-deformation 
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Figure 4.13: Average energy absorption per cycle. 
hysteresis loop, the absorbed energy for each cycle was calculated. In this study, the 
deformation was measured using an extensometer with a 50.8 mm (2 in) gauge length. 
The average energy absorption per cycle for all specimens in this test series is shown in 
Figure 4.13. It can be seen from this figure that the rate of energy absorption by the 
specimen increased in a highly non-linear fashion over the first 30,000 cycles. This 
indicates that the plastic strain from cycle to cycle gradually increased and the stress 
range gradually decreased due to cycle-dependent softening. Therefore, the hysteresis 
loop became wider from one cycle to the next, thus, causing more energy to be absorbed. 
Figure 4.14 illustrates how a decrease in the stress range of the hysteresis loop early in 
the cycle count (from loop A to loop B of Figure 4.14) creates a greater energy 
absorption rate. Meanwhile, a decrease in the stress range later on in the cycle count 
(from loop B to loop C) creates a smaller energy absorption rate. The rate of energy 
absorption after 30,000 fatigue cycles continued to increase at a relatively smaller rate 
until it stabilized after approximately 120,000 fatigue cycles (approximately 67% of its 




Figure 4.14: Energy absorption. Hysteresis loop A has a smaller area than loop B, 
therefore, representing a smaller amount of absorbed energy. Hysteresis loop B has a 
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Figure 4.15: Cumulative energy absorption. 
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4.14). The rate of energy absorption after 120,000 cycles appeared to slightly decrease 
due to the increasing rate of plastic flow (see loop C of Figure 4.14). As the fatigue life of 
the material is nearly exhausted, it can be seen that the rate in energy absorption rapidly 
decreased. It is believed that the plastic flow rapidly increased at this stage due to the 
formation of larger cracks and, thus, causing a rapid decrease in the load required to 
generate a strain reversal. 
Although the energy absorption rate appears to vary throughout the material's fatigue 
life, an average of 1.96 joules per cycle was absorbed by the specimens. This rate of 
energy absorption can be further reviewed in Figure 4.15. This figure illustrates the 
cumulative energy absorption of the specimen throughout its fatigue life. 
4.3 CYCLES-DEPENDENT CHANGES IN MECHANICAL PROPERTIES 
The effect of fatigue damage on the remaining strength and ductility of the material was 
determined. This was done by conducting a quasi-static tension test on each specimen to 
determine the mechanical properties such as yield strength, ultimate (tensile) strength, 
and ductility of the material after such fatigue damage. 
4.3.1 Fatigue-strength interaction 
Figure 4.16 shows the interaction between the accumulation of fatigue damage (increase 
in fatigue cycles) and the remaining strength. Table 4.3 summarizes these interactions. 
The average fatigue life (180,000 cycles) from specimens 1-F175F-1 and 1-F180F-2 was 
used to prepare this table. In addition, the average strength obtained from specimens 1-
F000P-1 and 1-F000P-2 was used to determine the percentage of strength reduction. 
Column 2 of Table 4.3 shows the rapid decrease in the point of first yield strength of the 
specimen after various levels of fatigue damage were induced. Therefore, the yield 
strength was determined by using the 0.2% strain offset method as discussed in section 
4.1. Columns 4 and 6 show the remaining 0.2% offset yield strength and the ultimate 
(tensile) strength, respectively. It can be seen that the fatigue damage after only 20,000 
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cycles (after about 11% of its fatigue life) caused the offset yield strength to decrease by 
12.1% and the ultimate strength to decrease by 3.0% (Columns 5 and 7 of Table 4.3). 
Beyond this, the strength appeared to stay relatively constant until the formation of larger 
cracks. Figure 4.7, discussed in Section 4.2.1, determined that the formation of larger 
cracks appeared to occur after approximately 85% to 90% of the material's fatigue life 
was exhausted. Therefore, the strength appeared to stay relatively constant until the 
material was subjected to fatigue damage at close to 85-90% of its fatigue life. This is 
illustrated by the fabricated line in Figure 4.16. 



























































































Based on the average strength obtained from specimens 1-F000P-1 and 1-F000P-2. 
Three distinct segments exist in the strength curves of Figure 4.16. The early part of a 
material's fatigue life (Part 1), from 0 cycles to 20,000 cycles, leads to a rapid decrease of 
about 12% in offset yield strength and about 3% in ultimate strength. This sudden 
decrease in strength raises another concern on how the material's strength is currently 
determined from virgin specimens and incorporated in the ultimate limit state design 
method. The next part of the strength curves (Part 2), between 20,000 cycles and 135,000 
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Figure 4.16: Influence of fatigue damage on strength. 
part (Part 3) shows a rapid decrease in the strength occurring after 135,000 cycles. The 
fatigue-strength interaction behaviour indicates that after about 85-90% of the material's 
fatigue life has been exhausted, rupture may occur quickly without much warning. 
4.3.2 Fatigue-Ductility Interaction 
Figure 4.17 shows the interaction between the accumulation of fatigue damage (fatigue 
cycles) and the remaining ductility. The ductility was determined by calculating the area 
under the load-deformation curve from a tensile tests and expressed in joules (N-m). It 
can be observed that the effect of fatigue damage after 5,000 cycles (after about 3% of 
the specimen's fatigue life) caused the ductility to decrease by 6.2% (696 joules vs. 742 
joules). Beyond this point, the ductility appeared to remain relatively constant. The 
sudden drop in ductility near the end of the fatigue life appeared to be due to formation of 
larger cracks at that stage. Therefore, the fatigue-ductility interaction behaviour indicates 
that the ductility of structural steel used in this study decreases rapidly when the fatigue 
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life is approached. However, the drop in ductility for this test series should not bring a 
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Figure 4.17: Influence of fatigue damage on material ductility. 
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4.4 SUMMARY 
This chapter discussed the effect of the LCF damage on the mechanical behaviour of 
high-strength (cold-rolled) steel. See Table 4.4 for the chemical composition. 
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The results from this chapter apply solely to the type of steel mentioned above with a 
fatigue strain ranging from 0.000 - 0.003 (0 - 0.3%). The following provides a summary 
of the results that were found. 
1. The accumulation of fatigue damage introduced an early non-linearity in its usual 
linear stress-strain behaviour at a much lower stress value (approximately at 130 - 250 
MPa). Therefore, the yield strength of the material was determined by use of the 
conventional 0.2% strain offset method. Additionally, the ultimate (tensile) strength 
occurred at higher strain levels as more fatigue damage was introduced. 
2. Mean-stress relaxation occurred in an exponential manner throughout the fatigue life 
of the material, and was more prominent within the first 20,000 cycles. It was found that 
the mean-stress relaxation appeared to also occur more prominently as the fatigue life 
was approached likely due to the formation of larger cracks. 
3. The stress range from cycle to cycle decreased in a highly non-linear manner 
throughout the fatigue life of the material. This, therefore, indicates that cycle-dependent 
softening occurred due to the gradual decrease in the material's resistance to deformation. 
The decrease in stress range was more prominent within the first 20,000 cycles and 
decreased rapidly as the fatigue life was approached likely due to the formation of larger 
cracks. 
4. The energy absorption per cycle increased exponentially up until approximately 67% 
of the material's fatigue life was exhausted. At this point, the energy absorption rate 
slightly decreased up until approximately 95% of the fatigue life was exhausted. The 
energy absorption rate decreased rapidly to zero within the last 5% of the material's 
fatigue life. The material absorbed an average of 1.96 joules per cycle. 
5. The effect of the fatigue damage was shown to rapidly decrease the offset yield 
strength of the material by about 12% and the ultimate (tensile) strength by about 3% 
within the first 20,000 cycles. At this point, the strength appeared to stay relatively 
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constant up until approximately 85% to 90% of the fatigue life was exhausted. The 
fatigue damage decreased the ductility by 6.2% within the first 5,000 cycles (3% of its 
fatigue life). At this point, the ductility appeared to remain relatively constant until 
approximately 85% to 90% of its fatigue life was exhausted. 
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5 TEST RESULTS - TEST SERIES 2 
This chapter reviews and discusses the results from the data obtained from the second test 
series. The material used in this test series is a hot-rolled AISI 1018 carbon steel. 
Therefore, it is considered to be mild steel and it has higher ductility. The objective is to 
provide a review and discussion on the effect of the fatigue damage on the mechanical 
properties such as strength and ductility of the mild steel by examining the specimens' 
material responses. The results obtained from the first test series are compared to check if 
the effect of the fatigue damage is consistent with changes in the test parameters. Strain 
ranging from 0.009 to 0.012 with a reference strain of 0.0115 (1.15%) was used in Test 
Series 2 to accommodate for the yield plateau of the stress-strain curves from tension 
tests. Additional figures complementing those in this chapter can be found in Appendix 
B. 
Table 5.1 provides the test matrix for this test series. As discussed in section 3.2.3, a 
small variation in the plastic strain of the yield plateau (see Figure 3.10) caused a 
significant variation in the fatigue life of the material with strain ranging from 0.009 to 
0.012. The small variation in plastic strain of the yield plateau also caused a large 
variation in the test results when conducting a quasi-static tensile test on specimens with 
fatigue damage. Therefore, many tests were repeated to make an attempt to obtain a 
better consistency and higher confidence in the test results. For example, the pure fatigue 
load test was repeated six times (Table 5.1). Thus, Fatigue specimen 2-F142F-4 of Table 
5.1 indicates that it was the 4th repeat test that was subjected to pure fatigue loads to 
determine the fatigue life of the specimen. The average value of all repeated tests was 
considered for the analysis. 
5.1 NOMINAL STRESS-STRAIN BEHAVIOUR 
The results obtained from four virgin (Pull) specimens (2-F000P-1 to 2-F000P-4 in Table 
5.1) were used as a benchmark for comparing the quasi-static tension test results of the 
Fatigue-Pull specimens. As discussed in section 3.2.3, the extensometer was removed 
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before rupture occurred when conducting a tension tests on specimen 2-F000P-1 and 2-
F000P-2. Therefore, for these two specimens, the ductility was determined using the final 
deformation of the gauge length (originally 50.8 mm or 2 in). Two more Pull specimens, 
2-F000P-3 and 2-F000P-4, were tested and their ductility was calculated using the final 
extensometer readings with the same original gauge length of 50.8 mm (2 in). 















































































































Specimen 19 through 24 failed in rupture after their respective amount of cycles 
endured. Specimens 2-F001P-1 and 2-F001P-2 were subjected to only 1 fatigue cycle 
and not 1,000 fatigue cycles. Specimens written in bold letters were used to illustrate the 
effect of fatigue damage. 
Nominal quasi-static tension test data for all specimens were plotted to evaluate the effect 
of various levels of fatigue damage on the mechanical properties of the specimens. The 
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Figure 5.1: Nominal stress-strain curve - all specimens. 
yield strength, ultimate (tensile) strength, and ductility of the specimens were compared 
to determine how they are affected by various levels of fatigue damage. Figure 5.1 shows 
the change in the quasi-static nominal tensile stress-strain relationship obtained from all 
Pull and Fatigue-Pull specimens with various levels of LCF damage. Unlike the first test 
series, the extensometer was not removed from the Fatigue-Pull specimens until after 
rupture. Therefore, an accurate measurement for ductility could be obtained. The results 
of the tension tests on Fatigue-Pull specimens exhibited large variations in their 
mechanical properties. It was observed that the yield plateau varied from one Pull 
specimen to the next as shown in Figure 5.2. It is believed that the variations in the 
mechanical properties of the Fatigue-Pull specimens are due to the small variations in the 
yield plateau. Line A of Figure 5.2 is drawn at 0.2% strain parallel to the material's 
modulus of elasticity line. Line B is drawn vertically at the reference strain of 0.0115. 
Line B represents the maximum total strain found in the yield plateau of the stress-strain 
curve of the virgin (Pull) specimens. All the Fatigue-Pull tests were repeated multiple 
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times because of the variation in the tension test results. Therefore, the average results of 
the repeated tests were used to determine the effect of the fatigue damage. 
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Figure 5.2: Nominal stress-strain curve of all Pull specimens - yield plateau. 
Figure 5.3 shows the stress-strain curve of five specimens (2-F000P-1, 2-F001P-1, 
2F010P-3, 2-F050P-1, 2-F101P-1) up to a strain of 0.5% for greater clarity. These 
specimens were chosen as they best represent the behaviour of the average results 
obtained from their respective repeat tests. Specimen 2-F001P-1 experienced only one 
fatigue cycle (Figure 5.4) before a quasi-static tension test was conducted on this 
specimen. In Figure 5.3, vertical line A is drawn at 0.00182 (0.182%) strain, and line B is 
drawn at the 0.2% strain parallel to the material's modulus of elasticity line. It can be 
seen from this figure that the specimens subjected to fatigue damage exhibited a cycle-
dependent hardening material response even after only one cycle (specimen 2-F001P-1) 
with a reference strain of 0.0115. This is due to the upper strain limit (0.012) reaching 
beyond the extent of the yield plateau (line B of Figure 5.2) of the nominal stress-strain 
curve as shown in Figure 5.2 for specimens 2-F000P-1 to 2-F000P-4. Therefore, the 
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cyclic stress-strain curves are higher (greater stress level at a given strain level) than that 
of the virgin specimens. As a result, Fatigue-Pull specimens 2-F001P-1 and 2-F001P-2, 
subjected to only one fatigue cycle, were also used as a benchmark (control specimen) 
when comparing the results of the Fatigue-Pull specimens. 
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Figure 5.3: Determination of yield strength. 
indicates the stress and strain level where material hardening is observed. 
Note: Specimen 2-F001P-1 was subjected to one fatigue cycle only. 
It can be seen from Figure 5.3 that the accumulation of fatigue damage introduced an 
early non-linearity in its usual linear stress-strain behaviour at a much lower stress. The 
stress and strain limit of the linear stress-strain range (linear elastic stress-strain 
relationship, also known as the point of first yield) reduced as accumulated fatigue 
damage increased (approximately at 300 MPa for 10,000 fatigue cycles to 200 MPa for 
50,000 cycles). Therefore, as it was decided in Test series 1, the point of first yield was 
not used to determine the remaining yield strength for Fatigue-Pull specimens. The yield 








Figure 5.4: One fatigue cycle for specimen 2-F001P-1. 
stress when strain is equal to 0.00182 (line A), and (ii) the conventional 0.2% strain offset 
method (line B). A strain value of 0.00182 (line A) was found at the location of point of 
first yield stress for the virgin specimens (358 MPa). The conventional 0.2% strain offset 
(line B) method was used to provide consistency in the yield strength determination 
among all test series. An offset yield strength of 355 MPa and 387 MPa was found in the 
virgin specimens and the specimens with one fatigue cycle, respectively. 
As found in the first test series, the change in the measured yield strength from one 
method to the next raises the question on how the modulus of elasticity and yield strength 
are currently determined and used in the design of steel structures; especially that of ship 
structures. The ultimate (tensile) strength was determined by identifying the maximum 
stress point. Table 5.2 provides the yield strength obtained from both methods, ultimate 
(tensile) strength, and modulus of elasticity obtained for all benchmark specimens (four 
virgin (Pull) specimens and two Fatigue-Pull specimens subjected to only one fatigue 
cycle). 
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Figure 5.3 shows that the yield strength of the specimens decreased with the increased 
fatigue damage accumulation when comparing at a strain of 0.00182 (line A). It appears 
that the reduction in yield strength with the increase in fatigue damage is again due to the 
aforementioned early non-linearity in stress-strain behaviour. This agrees with the first 
I ' H— Line B (0.2% Offset) 
0.000 0.003 0.006 0.009 0.012 0.015 
Strain 
Figure 5.5: Cycle-dependent changes in stress-strain responses. 
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test series. However, it is found that an increase in yield strength occurs when the 0.2% 
strain offset method (line B) is considered. Therefore, this indicates cycle-dependent 
hardening continued to occur after the first cycle until about 50,000 cycles, that is, 
approximately 35% of its fatigue life (142,000 cycles) to 45% of its fatigue life (106,000 
cycles). Figure 5.5 illustrates how the strength of the material appeared to decrease with 
an increase in fatigue damage prior to reaching a strain of 0.00182 (line A). However, the 
strength appeared to increase with an increase in fatigue damage when reaching the 0.2% 
offset yield strength (line B). The early non-linearity in stress-strain behaviour indicates 
that cycle-dependent softening occurred within strain levels up to 0.19% to 0.23% 
(Figure 5.3). Evidence of cycle-dependent hardening behaviour is eventually apparent in 
the cyclic stress-strain curve at a higher strain, approximately beyond 0.19% to 0.23% 
strain. Therefore, it may explain the decrease in yield strength measured at a strain of 
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Figure 5.7: Determination of ultimate strength for specimen 2-F101P-1. 
Figures 5.6 and 5.7 show the location of the ultimate (tensile) strength. The ultimate 
strength did not appear to be greatly affected by an increase in fatigue damage. It can be 
seen from these figures that the ultimate strength of specimen 2-F101P-2 reduced 
considerably (Figure 5.7). In this figure, the ultimate strength is shown to have decreased 
to 306 MPa. This is likely due to the formation of large cracks produced by the 
application of a large number of fatigue cycles. It is observed that the ultimate strength 
occurred at a lower strain level as more fatigue damage was introduced. 
5.2 CYCLE-DEPENDENT RESPONSE 
Test data were analysed for better understanding the cycle-dependent responses of the 
material while enduring fatigue damage. The term 'cycle-dependent' refers to the 
behaviour observed by the material from one cycle to the next. The results obtained from 
Fatigue specimen 2-F142F-4 (Table 5.1) were used to illustrate the cycle-dependent 
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Figure 5.8: Cycle-dependent response of Fatigue specimen 2-F142F-4 - full fatigue life. 
the behaviour of all the Fatigue and Fatigue-Pull specimens in Test Series 2 in a general 
sense. 
5.2.1 Mean-stress relaxation 
Figure 5.8 shows the stress hysteresis for Fatigue specimen 2-F142F-4. The maximum 
and minimum stress values at every 10,000 cycles (at cycle 0, 10,000, 20,000, etc.) were 
used to plot the stress hysteresis. This figure shows that the mean-stress relaxation 
occurred as the stress hysteresis progressed. However, it is observed that the rate of 
relaxation is exponential and it is relatively high during the first 3,000 cycles 
(approximately 2% to 3% of its fatigue life) as shown in Figure 5.9. In this figure, the 
maximum and minimum stress values at every 200 cycles are used. The mean-stress 
relaxation continued after 3,000 cycles as the level of fatigue damage increased, although 
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Figure 5.10: Cycle-dependent response of 2-F142F-4 - last 15,000 cycles. 
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Figure 5.11: Cycle-dependent hardening, (a) Evidence of the occurrence of cycle-
dependent hardening when viewing the cyclic stress-strain curve, (b) Occurrence 
of cycle-dependent hardening in stress hysteresis. 
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relaxation towards the last 7,000 to 10,000 cycles, that is, after approximately 90% to 
95% of its fatigue life was exhausted (Figure 5.10). At this point, it is expected that 
fatigue damage accumulation was much higher and may be due to formation of larger 
cracks, thus, causing a rapid decrease in material strength. 
5.2.2 Cycle-dependent hardening 
Figure 5.11 illustrates two methods of determining if a cycle-dependent hardening 
response occurred in a material. The first method, shown in Figure 11(a), is where an 
increase in the level of stress at a given strain on a cyclic stress-strain curve is found. The 
second method, shown in Figure 11(b), is where an increase in the stress range when 
using strain control function is observed from one cycle to the next. For Test Series 2 of 
this study, evidence that cycle-dependent hardening occurred was observed 
(approximately beyond 0.19% strain for 1 fatigue cycle to 0.23% strain for 50,000 fatigue 
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Figure 5.12: Cycle-dependent hardening in stress-strain response after one strain 
cycle - beyond point of first yield and before ultimate stress level. 
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Figure 5.3 and illustrated in Figure 5.11(a). Section 5.2.3 discusses the occurrence of the 
cycle-dependent softening observed in the cyclic stress-strain curves prior to a strain level 
of 0.19% to 0.23%. The cycle-dependent hardening occurred mostly during the first cycle 
due to the strain limit of 0.012 reaching beyond the yield plateau of the nominal stress-
strain curve as shown in Figure 5.2. The cycle-dependent change in material response due 
to the cycle-dependent hardening occurring during the first cycle is illustrated in Figure 
5.12. This figure shows that Fatigue-Pull specimen 2-F001P-1, subjected to only one 
strain cycle, required higher stress than Pull (virgin) specimen 2-F000P-2 to reach same 
amount of strain. Therefore, it indicates that specimen 2-F001P-1 had a cycle-dependent 
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Figure 5.13: Cycle-dependent softening after 50,000 fatigue cycles. 
Cycle-dependent hardening appeared to continue up to approximately 50,000 cycles, that 
is, after approximately 35% (fatigue life of 142,000 cycles) to 47% (fatigue life of 
106,000 cycles) of its fatigue life is exhausted. Figure 5.13 shows from the cyclic stress-
strain curves that the cycle-dependent hardening behaviour of the specimens changed to a 
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cycle-dependent softening behaviour after approximately 50,000 cycles and 100,000 
cycles. 
5.2.3 Cycle-dependent softening 
Figure 5.14 shows a decrease in the stress range from cycle to cycle for Fatigue specimen 
2-F142F-4 (Table 5.1). It can be seen from this figure that the decrease in stress range 
occurred mostly within the first 5,000 cycles. Plastic shakedown took place afterwards 
and thus, the stress range did not vary by more than 1 or 2 MPa over the next 125,000 
cycles (until approximately 90% of its fatigue life is exhausted). At this point, the stress 
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Figure 5.14: Decrease in cyclic stress range. 
An increase in the stress range (Figure 11(b)) indicates a cycle-dependent stress 
hardening behaviour. Therefore, a decrease in the stress range throughout the fatigue life 
of Fatigue specimen 2-F142-P (Figure 5.14) indicated a cycle-dependent stress softening 
behaviour. This appears to contradict section 5.2.2 which indicated that cyclic stress 
101 
hardening occurred up to approximately 50,000 cycles. As discussed in section 5.1 when 
reviewing Figure 5.5, the early non-linearity in stress-strain behaviour indicates that 
cycle-dependent softening occurred within strain levels up to 0.19% to 0.23% (Figure 
5.3). Evidence of the cycle-dependent hardening behaviour is only apparent in the cyclic 
stress-strain curve at higher strain, approximately beyond 0.19% to 0.23% strain. 
Therefore, it is believed that with a strain range of 3,000 microstrain (9,000 microstrain 
in tension to 12,000 microstrain in tension), the stress-strain hysteresis loop exhibited 
early non-linear behaviour as observed in the cyclic stress-strain curves in Figure 5.3. 
However, it is believe that at that strain range, the stress-strain hysteresis loop did not 
have significant strain that caused tension stress to introduce the cycle-dependent 
hardening observed in the cyclic stress-strain curve after approximately 0.19% to 0.23%. 
This indicates that only the cycle-dependent softening behaviour of the material 
(observed up to a strain level of 0.19% to 0.23% in the cyclic stress-strain curves) was 
present in the stress-strain hysteresis loop. Therefore, the stress range decreased due to 
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Figure 5.16: Stress-strain hysteresis loop for 2-F142F-4 - Close up view. 
The decrease in stress range can be viewed further by examining the stress-strain 
hysteresis loops. Figure 5.15 illustrates the hysteresis loops for Fatigue specimen 2-
F142F-4. This figure shows the reference strain of 0.0115 was applied on the specimen 
before strain cycles were induced. Only a few stress-strain cycles (cycle 1, 100, 5,000, 
10,000, 25,000, 50,000, 100,000, 135,000, 140,000) are shown in this figure for clarity. 
From the hysteresis loop of Figure 5.16, it can be seen that as the fatigue cycles 
accumulated the decrease in stress range was more prominent on the tension side and 
occurred until failure. However, it can be noticed that the decrease in stress range is not 
evident between cycles 5,000 and 100,000, thus, indicating that plastic shakedown 
occurred after about 5,000 cycles. This can be further examined by observing the 
constant stress range after 5,000 cycles shown earlier in Figure 5.14. By reviewing the 
hysteresis loops near the end of its fatigue life (beyond 100,000 cycles in Figure 5.16), it 
is observed that the stress limit in tension decreased at an increasing rate, in turn 
decreasing the cyclic stress range. Furthermore, it is observed that the loop for cycle 
140,000 is not symmetrical and appears to deform rapidly while in tension. This may be 
103 
explained by the material's inability to sustain any significant tension load due to the 
formation of larger cracks, thus causing excessive material softening on the tension side 
only. Similar to the first test series, a decrease in the stress limits in compression occurred 
near the end of the fatigue life of the specimen and took place until rupture. 
As mentioned in section 5.2.2, the cyclic stress-strain curves showed that beyond a strain 
of 0.19% to 0.23%, cycle-dependent softening began to occur after approximately 50,000 
cycles until complete rupture. This indicates that with significant fatigue damage, the 
material eventually softened from one cycle to the next. Therefore, it confirms the 
assumption made in section 2.1.3 when discussing lines D in Figure 2.7 that the material 
will eventually decrease its resistance to deformation and cycle-dependent softening will 
occur. 
5.2.4 Energy absorption 
Figure 5.17 shows the energy absorption for every scanned cycle (scanning was done at 
every 100 cycles for the first 5,000 cycles, at every 1,000 cycles from 5,000 to 30,000 
cycles, at every 2,000 cycles from 30,000 up to 50% drop in tension limit, and at every 
100 upon notice of 50% drop in tension limit till rupture) from all tests of in Test Series 
2. In this figure more points are clustered at lower cycle counts. This is because there are 
a higher number of cyclic data available at lower cycle-counts as more Fatigue-Pull 
specimens experienced lower cycle counts. 
Figure 5.18 shows the average energy absorption for every strain cycle obtained from all 
specimens. In this case, a small increase occurred from 0 cycles up until approximately 
100,000 cycles. At this point, the hysteresis loop was at its largest. After 100,000 cycles, 
the rate of energy absorption appeared to slightly decrease. This appears to be consistent 
with Figure 5.19 where loop B is considered the hysteresis loop at 100,000 cycles and has 
a greater energy absorption rate than loop A (prior to 100,000 cycles) and loop C (after 
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Figure 5.17: Energy absorption per cycle - All scanned cycles. 
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Figure 5.19: Energy absorption. Hysteresis loop A has a smaller area than loop B, 
therefore, representing a smaller amount of absorbed energy. Hysteresis loop B has a 
greater surface area than loop C, therefore, representing a greater amount of absorbed 
energy. 
prior to complete rupture) of the fatigue life was exhausted, it can be observed that the 
rate of energy absorption per cycle rapidly decreased. It is believed that the plastic flow 
rapidly increased at this stage due to the formation of larger cracks and, thus, causing a 
rapid decrease in the load required to generate a strain reversal. Figure 5.20 shows the 
energy absorption for every scanned strain cycle obtained from Fatigue specimen 2-
F142-4. For this specimen, the maximum absorption rate occurred at approximately 
90,000 cycles (approximately 64% of its fatigue life). 
The average energy absorption rate (Figure 5.17) appears to consistently increase from 
2.02 joules during the first few cycles up to a maximum of 2.08 joules at approximately 
100,000 cycles. An average of 2.04 joules per cycles was absorbed by the specimens. 
This rate can be further reviewed in Figure 5.21. This figure shows the cumulative energy 
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Figure 5.20: Energy absorption per cycle for specimen 2-F142F-1. 
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Figure 5.21: Cumulative energy absorption for specimen 2-F142P-4. 
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5.3 CYCLE-DEPENDENT CHANGES IN MECHANICAL PROPERTIES 
The effect of fatigue damage on the remaining strength and ductility of the material was 
determined. This was done by conducting a quasi-static tension test on each Fatigue-Pull 
specimen after being subjected to a specific number of fatigue cycles to determine the 
mechanical properties such as yield strength, ultimate (tensile) strength, and ductility of 
the material after such fatigue damage. 
5.3.1 Fatigue-strength interaction 
Figure 5.22 shows the interaction between the accumulation of fatigue damage and the 
remaining strength. Table 5.3 and 5.4 summarize these interactions. In these tables, the 
average strength of the four virgin (Pull) specimens (2-F000P-1, 2-F000P-2, 2-F000P-3, 
and 2-F000P-4) is considered as the benchmark to compare the strength of all Fatigue-
Pull specimens. Table 5.3 shows the point of first yield strength (Column 3), which is the 
strength at the first point where the cyclic stress-strain curve is no longer linear, and the 
yield strength at a strain of 0.00182 (Column 5), which is the strength at the average 
strain location of the point of first yield for all four virgin (Pull) specimens (line of Figure 
5.3). Table 5.4 shows the 0.2% offset yield strength (Column 3) and the ultimate (tensile) 
strength (Column 5). It can be seen from Column 3 of Table 5.3 that the point of first 
yield strength of the specimen decreased significantly after various levels of fatigue 
damage were induced. Therefore, the analysis was based on the yield strength at a strain 
of 0.00182 and the 0.2% offset yield strength as determined earlier in section 5.1. 
Column 5 of Table 5.3 shows the remaining yield strength at a strain of 0.00182. It can be 
seen from this column that the fatigue damage after 10,000 cycles (after about 7% to 10% 
of its fatigue life) caused a decrease of up to 18.0% in the yield strength at a strain of 
0.00182. Beyond this, the strength appeared to stay relatively constant until the material 
was subjected to approximately 90% to 95% of its fatigue life. Column 3 of Table 5.4 
shows the 0.2% offset yield strength of the specimens (Figure 5.3). It can be seen from 
this column that the remaining offset yield strength increased with an increase in 
accumulated fatigue damage (up to 9.3% after the first cycle and up to 19.4% after 
108 
50,000 cycles). These results indicate that the material exhibited a reduction in strength 
prior to a strain of 0.00182 (point of first yield of virgin specimens). However, the 
material hardened afterwards (after approximately 0.19% to 0.23% strain), exhibiting an 
increase in the 0.2% offset yield stress. 




















































































































































Based on average from specimen 2-F000P-1 to 2-F000P-4. Specimens 2-F001P-1 and 
2-F001P-2 were subjected to only 1 fatigue cycle and not 1,000 fatigue cycles. Invalid 
fatigue test. 
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Based on average from specimen 2-F000P-1 to 2-F000P-4. Invalid fatigue test. 
Column 5 of Table 5.4 shows the ultimate (tensile) strength of the specimens. It is shown 
from this column, also seen on Figure 5.22, that the reduction in ultimate strength is not 
affected much by the fatigue damage again until approximately 90% to 95% of its fatigue 
life has been exhausted (approximately 7,000 to 10,000 cycles prior to rupture). The 
maximum reduction in ultimate strength until this was 2.8%. It can be seen that after 
approximately 90% to 95% of its fatigue life has been exhausted, there is a sudden drop 
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in the ultimate strength. Again it is expected that this decrease may be due to the 
formation of larger cracks at this stage. 
For the yield strength at a strain of 0.00182, three distinct segments exist in the strength 
curves of Figure 5.22. The early part (part 1-2) of a material's fatigue life (approximately 
until 10,000 cycles) led to a rapid decrease of up to approximately 18% in yield strength 
(293 MPa vs. 357 MPa). For the next part (part 2-3), between 10,000 cycles and 100,000 
cycles, the yield strength stayed relatively constant. The final part (part 3-4) shows a 
rapid decrease in the strength occurred after approximately 90% to 95% of the fatigue life 
has been exhausted. 
For the offset yield strength, four distinct segments exist. The first part (part A-B) led to 
an increase of 9% (388 MPa vs. 355 MPa) in the offset yield strength. The next part (part 
B-C) of a material's fatigue life (from 1 cycle to 10,000 cycles), the 0.2% offset yield 
strength increased another 7.3% maximum for a total maximum increase of 
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Figure 5.22: Influence of fatigue damage on strength. 
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approximately 16.3%. Part C-D of the strength curves, between 10,000 cycles and 
100,000 cycles, the offset yield strength stayed relatively constant with a peak increase of 
19.4% after 50,000 cycles. The final part (part D-E) shows a rapid decrease in the 
strength occurred after approximately 90% to 95% of the fatigue life has been exhausted. 
Only two distinct segments exist for the ultimate (tensile) strength (parts a-b and b-c). 
That is, a relatively constant strength up until 90% to 95% of the specimens' fatigue life 
(part a-b), and a rapid decrease in strength occurred afterwards (part b-c). 
5.3.2 Fatigue-Ductility Interaction 
Figure 5.23 shows the interaction between the accumulation of fatigue damage and the 
remaining ductility (area under the load-deformation curve) in joules (N-m). This figure 
illustrates the average ductility of all repeated tests at a given cycle count. It is observed 
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Figure 5.23: Influence of fatigue damage on ductility. 
112 
decrease by as much as 15% (953 joules vs. 1115 joules). It is calculated that the 
reference strain of 1.15% alone caused a decrease in the ductility by approximately 80 to 
85 joules (about half of the decrease in ductility found between points 1 and 2). This is 
measured by calculating the area under the load-deformation curve obtained from the 
tensile tests of the Pull specimens up to a deformation of 0.5842 mm (reference strain of 
0.0115 x original gauge length of 50.8 mm). Therefore, a decrease in ductility of only 7% 
was due to fatigue damage after one cycle (15% in total). Beyond this point, the ductility 
appeared to stay relatively constant with a maximum decrease in ductility of 15.6% after 
25,000 cycles. Similar to the strength, a sudden drop in ductility near the end of the 
fatigue life occurred and appeared to be due to formation of larger cracks at that stage. 
Therefore, the fatigue-ductility interaction behaviour indicates that the ductility of 
structural steel used in this series decreases rapidly when the fatigue life is approached. 
The effect of fatigue damage on the ductility of the material at a strain ranging from 
0.009 to 0.012 indicates that significant concerns in the decrease in ductility of the 
structural component could be present. 
5.4 SUMMARY 
This chapter discussed the effect of the LCF damage on the mechanical behaviour of mild 
strength (hot-rolled) AISI1018 carbon steel. See Table 5.5 for the chemical properties. 











Method of production 
Hot-rolled 
The results from this chapter apply solely to the type of steel mentioned above with a 
fatigue strain ranging from 0.009 to 0.012 (0.9 - 1.2%) with a reference strain of 0.0115 
(1.15%). The following provides a summary of the results that were found. 
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1. The accumulation of fatigue damage introduced an early non-linearity in its usual 
linear stress-strain behaviour at a much lower stress value (approximately at 200 - 300 
MPa). Therefore, the yield strength of the material was determined by a vertical line 
drawn at a strain of 0.00182 (point of first yield for the virgin specimens) and by the 
conventional 0.2% strain offset method. The yield strength at a strain of 0.00182 showed 
a decrease in the strength with an increase in fatigue damage due to the early non-
linearity behaviour in the stress-strain curve (indicating cycle-dependent softening). The 
offset yield strength showed an increase in the strength with increase in the fatigue 
damage due to cycle-dependent hardening material response. 
2. The ultimate (tensile) strength was determined by identifying the point of maximum 
stress. Fatigue damage did not appear to have much effect on the ultimate strength of the 
material. However, a trend was observed where the ultimate strength occurred at lower 
strain levels as more fatigue damage was introduced. 
3. Mean-stress relaxation occurred in an exponential manner throughout the fatigue life 
of the material. However, the mean-stress relaxation was more prominent in only the first 
3,000 cycles. It was found that the mean-stress relaxation also appeared to occur more 
prominently as the fatigue life was approached due to the formation of larger cracks. 
4. A cycle-dependent hardening material response was observed in the cyclic stress-
strain curves beyond a strain level of 0.19% to 0.23%. This behaviour appeared to occur 
up to approximately 35% to 47% of its fatigue life (50,000 cycles). Afterwards, a cycle-
dependent softening material response was observed until complete rupture occurred due 
to fatigue cycles only. 
A non-linear decrease in the stress range from one cycle to the next was observed 
throughout the fatigue life of the material, indicating that cycle-dependent softening 
occurred throughout the fatigue life of the material. The cyclic stress-strain curves 
showed that cycle-dependent softening occurred up to a strain level of 0.19% to 0.23%. 
Therefore, it is believed that with a strain range of 3,000 microstrain (0.009 to 0.012), the 
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stress-strain hysteresis loop exhibited early non-linear behaviour as observed in the cyclic 
stress-strain curves. However, it is believe that at that strain range, the stress-strain 
hysteresis loop did not have significant strain that caused tension stress to introduce the 
cycle-dependent hardening observed in the cyclic stress-strain curve after approximately 
0.19% to 0.23%. This indicates that only the cycle-dependent softening behaviour of the 
material was present in the stress-strain hysteresis loop. Therefore, the stress range 
decreased due to the early non-linearity. The decrease in stress range was more prominent 
within the first 5,000 cycles and decreased rapidly as the fatigue life was approached due 
to the formation of larger cracks. 
4. The energy absorption per cycle increased at a constant rate until approximately 64% 
of the material's fatigue life was exhausted. At this point, the energy absorption rate 
slightly decreased up until approximately 95% of the fatigue life was exhausted. The 
energy absorption rate decreased rapidly to zero within the last 5% of the material's 
fatigue life. The material absorbed an average of 2.04 joules per cycle. 
5. The effect of the fatigue damage was shown to rapidly decrease the yield strength of 
the material at a strain of 0.00182 by about 18%. However, the fatigue damage was 
shown to increase the 0.2% offset yield strength by up to 20%. The ultimate (tensile) 
strength of the material did not appear to be affected by the fatigue damage. The yield 
and ultimate strength dropped rapidly after approximately 90% to 95% of the fatigue life 
was exhausted. 
The ductility decreased by 15% after only one fatigue cycle. Approximately half (7%) is 
due to fatigue damage alone (the other half is due to the plastic deformation caused by the 
reference strain). After one fatigue cycle, the ductility appeared to remain relatively 
constant until approximately 90% to 95% of its fatigue life was exhausted. 
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6 TEST RESULTS - TEST SERIES 3 
This chapter discusses the results obtained from the third test series. The material used in 
this test series is cold-rolled AISI 1018 carbon steel. Therefore, it is considered to be a 
high-strength steel similar to that of the first test series. The objective is to determine the 
effect of the fatigue damage on the strength and ductility of the specimens by examining 
the specimens' material responses. By keeping a similar objective used for the first two 
test series, results can be compared to see if the effect of the fatigue damage is consistent 
with changes in the test parameters. 
























































































































A 'Yes' indicates that the specimen's ductility was used to determine the effect of fatigue 
damage. No specimens failed in rupture due to fatigue cycles only. Specimens written in 
bold letters were used to illustrate the effect of fatigue damage. 
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A reference strain of 0.0025 was used to provide comparable parameters to Test Series 1. 
However, a strain ranging from 0.001 to 0.003 (500 microstrain in tension and 1,500 
microstrain in compression) was used in Test Series 3. A strain ranging from 0 to 0.003 
with a reference strain of 0.0025 was used in the first test series. Additional figures 
complimenting those in this chapter can be found in Appendix C. 
Table 6.1 provides the test matrix for this test series. As discussed in section 3.2.4, many 
tests showed large variations in the total ductility of the specimens when subjected to a 
tensile test. The variations were caused by the fracture point of the specimen occurring 
near the knife edge of the extensometer (Figure 3.14). Therefore, many tests were 
repeated due to the variations of the results. It was determined that the location of the 
fracture point (whether near a knife edge of the extensometer or between the knife edges) 
only affected the measured ductility and did not affect the measured strength. Therefore, 
the measured strength obtained from all specimens was used. However, the measured 
ductility obtained only from specimens where the fracture point occurred closer to the 
middle of the gauge area (between the knife edges) was used. Column 6 of Table 6.1 
indicates the specimens used to determine the effect of fatigue damage on the ductility. 
6.1 NOMINAL STRESS-STRAIN BEHAVIOUR 
The results obtained from all four virgin (Pull) specimens 3-F000P-1 to 3-F000P-4 (Table 
6.1) were used as a benchmark to compare the quasi-static tension test results of the 
specimens with fatigue damage. Nominal quasi-static tension test data for all Pull and 
Fatigue-Pull specimens were plotted to evaluate the effect of various levels of fatigue 
damage on the mechanical properties of the specimens. The yield strength, ultimate 
(tensile) strength, and ductility of the specimens were compared to identify how they are 
affected by the fatigue damage. Figure 6.1 shows the change in the quasi-static nominal 
tensile stress-strain relationship obtained from all Pull and Fatigue-Pull specimens with 
various levels of LCF damage. To provide greater clarity of the effect of the 
accumulation of fatigue damage (increase in fatigue cycles), Figure 6.2 shows the stress-
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Figure 6.2: Determination of yield strength. 
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It can be seen from specimen 3-F010P-2 and 3-F1000P-2 in Figure 6.2 that the 
accumulation of fatigue damage did not generally introduced an early non-linearity in its 
usual linear stress-strain behaviour at a much lower stress. The only Fatigue-Pull 
specimen in this test series to have an early non-linear behaviour was 3-F2070P-1 
(occurring at approximately 358 MPa). This indicates that the fatigue damage at this 
strain range does not cause an early non-linearity in the material's usual linear stress-
strain behaviour after only a few cycles as seen in previous test series, yet it begins 
between 1.5 x 106 and 2 x 106 cycles. Therefore, the point of first yield was used to 
determine the yield strength of the material. Additionally, the yield strength was also 
calculated using the conventional 0.2% strain offset method. The 0.2% offset method 
provides consistency in the yield strength determination between all test series. The 
ultimate (tensile) strength was determined by identifying the maximum stress point, as 
was done for the other two test series. Table 6.2 provides the measured yield strength 
from both methods, ultimate strength, and modulus of elasticity obtained for all virgin 
specimens. 




































Figure 6.2 shows that the yield strength of the material corresponding to the point of first 
yield appears to have increased with accumulated fatigue damage. Only specimen 3-
F2070P-1 exhibited a decrease in its point of first yield strength due to the early non-
linearity it displayed in its cyclic stress-strain curve. The overall increase in strength 
(illustrated in Figure 6.2 by the increase in point of first yield stress of Fatigue-Pull 
specimens 3-F010P-2 and 3-F1000P-2) indicates that the material had a cycle-dependent 
hardening response to the induced fatigue strain range. The cycle-dependent hardening 
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can be further acknowledged by observing the increase in the 0.2% strain offset yield 
strength with accumulated fatigue damage also shown in Figure 6.2. In this figure, it can 
be seen that the yield strength for Fatigue-Pull specimen 3-F2070P-1 at the point of first 
yield was lower than all other specimens. However, its 0.2% offset yield strength was the 
highest. The early non-linearity in stress-strain behaviour of specimen 3-F2070P-1 
indicates that cycle-dependent softening occurred only after significant fatigue damage 
was present (beyond approximately 1.5 x 106 cycles) and only up to a strain level of 
0.33% (Figure 6.2). Evidence of cycle-dependent hardening behaviour was apparent at all 
strain levels in the cyclic stress-strain curves early in the fatigue life of the specimen 
(prior to approximately 1.5 x 106 cycles), and approximately beyond 0.33% strain when 
significant fatigue damage is present (beyond approximately 1.5 x 106 cycles). Therefore, 
it may explain the decrease in yield strength measured with an increase in fatigue damage 
at the point of first yield for Fatigue-Pull specimen 3-F2070P-1, yet there was an increase 
in the 0.2% offset yield strength. 
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Figure 6.3: Determination of ultimate strength. 
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Figure 6.3 shows the location of the ultimate (tensile) strength. This figure shows that 
there is a variation in the quantity of the ultimate strength with an increase in the fatigue 
cycle. Furthermore, it is observed that the ultimate strength occurs at various strain levels 
with accumulated fatigue damage. This appears to indicate that the fatigue damage 
affected the ultimate (tensile) strength, however, unlike the other two test series, no 
specific tend in the change was observed. 
6.2 CYCLE-DEPENDENT RESPONSE 
An analysis was performed to identify the cycle-dependent responses of the material 
while enduring fatigue damage. Due to large variation in the cycle-dependent responses 
from one cycle to the next, and from one specimen to another, an average of the results 
witnessed by all Fatigue-Pull specimens is used to represent the cycle-dependent 
responses in a general sense. 
No specimen in this test series failed due to fatigue cycles only. The highest number of 
fatigue strain cycles applied was 2,070,000 (specimen 3-F2070P-1). Therefore, there are 
no indication of the material's cycle-dependent response as the fatigue life of is 
approached. 
6.2.1 Mean-stress relaxation 
Figure 6.4 shows the stress hysteresis for Fatigue-Pull specimens 3-F2070P-1 and 3-
F200P-1. For clarity in the plot, the maximum and minimum stress values at every 
100,000 cycles (at cycle 0, 100,000, 200,000, etc.) were used to plot the stress hysteresis 
for specimen 3-F2070P-1, and at every 10,000 cycles (at cycle 0, 10,000,20,000, etc.) for 
specimen 2-F200P-1. Figure 6.4(a) shows that the mean-stress varied throughout the 
fatigue life of specimen 3-F2070P-1. It seems like the mean-stress in zone 2-3 and 5-6 
increased. However, the mean-stress cannot increase in tension without any buckling of 
the material in compression. Therefore, since buckling did not occur, it is expected that 
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Figure 6.4: Cycle-dependent response with mean stress curve for (a) Fatigue-Pull 
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Figure 6.5: Average cycle-dependent response with mean stress curve. 
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Figure 6.6: Average cycle-dependent response - first 200,000 cycles. 
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noise, or presence of people may have varied the stress and strain measured by the data 
acquisition system. Figure 6.4(b) shows a more consistent mean-stress relaxation that 
occurred in specimen 3-F200P-1. This figure indicates that the mean-stress relaxation 
occurred mostly within the first 100,000 cycles. Therefore, Figure 6.5 and 6.6 were 
prepared and illustrate the stress hysteresis when averaging the results exhibited by all 
specimens in this test series. The maximum and minimum stress values at every 100,000 
and 10,000 cycles, respectively, were used to plot the stress hysteresis. 
It can be seen from these figures that mean-stress relaxation occurred as the stress 
hysteresis progressed. As well, the rate of relaxation is exponential and occurred mostly 
within the first 100,000 cycles as shown in Figure 6.6. It is expected that the mean-stress 
relaxation continued to occur as the level of fatigue damage accumulated. However, as 
shown earlier in Figure 6.5, the mean-stress appears to have been constant after 100,000 
fatigue cycles. Thus, mean-stress relaxation is not evident after 100,000 cycles. 
0 0.001 0.002 0.003 
Strain 
Figure 6.7: Stress-strain hysteresis loop. 
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Figure 6.8: Stress-strain hysteresis loop. 
The occurrence of mean-stress relaxation can also be seen in Figure 6.7. This figure 
shows the progression of the average stress-strain hysteresis loop witness by all 
specimens in the third test series. Figure 6.8 provides a close-up view of the stress-strain 
hysteresis loops. The number shown beside the loop represents the actual fatigue cycle 
count for that particular loop. It can be seen from this figure that the mean-stress 
decreased slightly between cycle 1 and cycle 100,000. However, from cycle 100,000 to 
cycle 2,000,000, the mean-stress remained constant. 
6.2.2 Cycle-dependent hardening 
Along with mean-stress relaxation, cycle-dependent hardening occurred throughout the 
fatigue life of the material. This can be seen by observing the increase in the stress value 
in the cyclic stress-strain curves at a given strain or by observing an increase in the stress 
range from one cycle to the next. An increase in the stress value in the cyclic stress-strain 
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Figure 6.9: Increase in cyclic stress range. 
strength of specimen 3-F000P-1, 3-F010P-2, 3-F1000P-2, and 3-F2070P-1 to be 526 
MPa, 550 MPa, 567 MPa, and 567 MPa, respectively, thus, indicating that cyclic 
hardening occurred. Figure 6.9 shows the stress range of the fatigue tests as the strain 
cycles accumulated. This figure is obtained by retrieving the average stress range at 
various cycle counts for all specimens in this test series. It can be seen from this figure 
that the stress range appeared to stay relatively constant throughout the fatigue life. This 
makes it difficult to determine the cycle count as to when plastic shakedown (no net 
changes in the plastic deformation from one cycle to the next) took place. This figure also 
provides a closer look, indicating that a small increase in the stress range was present, 
thus, indicating that the material hardened. 
6.2.3 Energy absorption 
Figure 6.10 shows the energy absorption for every scanned cycle (at every 10,000 cycles 
for the first 1,000,000 cycles and at every 100,000 cycles between 1,000,000 and 
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2,000,000 cycles) from all tests of in Test Series 3. Each scan was for a duration of 0.3 
seconds. Therefore, at a frequency of 7 Hz, the period of the scan was 2.1 cycles (7 Hz x 
0.3 seconds). Because the period was 2.1 cycles (2.1 cycles per scan), the energy 
calculation began at various sections of each loop (the first scan obtained cycles 0 to 2.1, 
the next scan obtained cycles 10,000.1 to 10,002.2, etc.). The method of energy 
measurement required that the calculation started at the beginning of the cycles (at 0.0, 
10,000.0, 20,000.0, etc.). Therefore, as shown in Figure 6.10, a period of 2.1 cycles 
created large variations in the measured energy from one cycle to the next. To provide 
accurate measurements, every cycle would have had to be measured individually. Since 
this is not an efficient method, the trend line using a polynomial to the sixth degree 
(provided by Microsoft Excel) was used to measure and obtain the most accurate 
representation of the energy absorption rate of the material. It is recommended that future 
tests be scanned at a frequency and duration that will provide a period of an integer 
number. For example, a period of 2 cycles (which may be obtained at a frequency of 4 Hz 
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Figure 6.11: Trend line for energy absorption rate. 
for 0.5 seconds, 5 Hz for 0.4 seconds, etc.) or 3 cycles (3 Hz for 1.0 seconds, 5 Hz for 0.6 
seconds, etc.) are recommended. This will maximize the accuracy of the measurements. 
Figure 6.11 provides a closer view of the polynomial trend line of the energy absorption 
rate (energy absorption per cycle) from Figure 6.10. It can be seen from this figure that 
the rate of energy absorption by the specimen appeared to have an overall increase, 
although slightly, with accumulated fatigue damage. This indicates that the plastic strain 
from cycle to cycle gradually increased. It is important to note that the scale of the energy 
absorption rate in Figure 6.11 is small. Therefore, little attention was paid to the 
curvature of trend line. What is important is the slight overall increase in the energy 
absorption with an increase in the fatigue cycles. Overall, a range of 0.725 joules per 
cycle to 0.77 joules per cycle with an average of 0.752 joules per cycles was absorbed by 
the specimens. This rate of energy absorption can be further reviewed in Figure 6.12. 
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Figure 6.12: Cumulative energy absorption for specimen 3-F2070P-1. 
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Figure 6.13: Energy absorption. Hysteresis loop A has a smaller area than loop B, 
therefore, representing a smaller amount of absorbed energy. Hysteresis loop B has a 
greater surface area that loop C, therefore, representing a greater amount of absorbed 
energy. 
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Figure 6.13 illustrates how a cycle-dependent hardening response is expected to decrease 
the energy absorption rate. In this figure, loop B is considered to be the first hysteresis 
loop while loop A is considered to be a hysteresis loop after the material has hardened 
(higher stress range). Loop A has a smaller area than loop B, indicating a decrease in 
energy absorption. Although an increase in stress range with increase in fatigue damage 
was noticed in Figure 6.9, an unexpected increase (and not a decrease) in energy 
absorption also occurred with increase in fatigue damage (Figure 6.11). 
The strain range decreased from 3,000 microstrain to 2,000 microstrain from Test Series 
1 to Test Series 3, respectively. Therefore, the first hysteresis loop of Test Series 3 may 
in fact be considered as loop C and not loop B. As such, a greater energy absorption rate 
would occur as the material hardens (from loop C to loop B). This would explain the 
increase in energy absorption per cycle observed as fatigue damage increased. However, 
further tests on the hysteresis loops are needed to determine if an increase in energy 
absorption is accurate, or whether the test procedure and/or equipment needs to be 
altered. 
6.3 CYCLE-DEPENDENT CHANGES IN MECHANICAL PROPERTIES 
The effect of fatigue damage on the remaining strength and ductility of the material was 
determined. This was done by conducting a quasi-static tension test on each specimen to 
determine the mechanical properties such as yield strength, ultimate (tensile) strength, 
and ductility of the material after such damage. 
6.3.1 Fatigue-strength interaction 
Figure 6.14 shows the interaction between the accumulation of fatigue damage and the 
remaining strength. Table 6.3 summarizes these interactions. Column 2 of Table 6.3 
shows a rapid increase in the point of first yield strength of the specimens after various 
levels of fatigue damage were induced. It can be seen from this column that the point of 











-•- First yield stress 
-•-0.2% Offset Yield Stress 
-•-Ultimate Stress 
400000 800000 1200000 
Number of Cycles 
1600000 2000000 
Figure 6.14: Influence of fatigue damage on strength. 
Table 6.3). The point of first yield strength appears to have continuously increased (up to 
16.3% after 1,000,000 cycles) with an increase in fatigue cycles. This increase was due to 
the cycle-dependent hardening response of the material. However, it can be seen that the 
remaining point of first yield strength decreased after 2,000,000 cycles due to the early 
non-linearity behaviour in the stress-strain curve the material exhibited after such fatigue 
damage. Columns 4 and 6 show the remaining 0.2% offset yield strength and the ultimate 
(tensile) strength, respectively. It can be seen that the fatigue damage after only 50,000 
cycles caused the offset yield strength to increase by 4.7% with a maximum increase of 
6.2%o after 2,000,000 cycles (Column 5 of Table 6.3). This indicates that the cycle-
dependent hardening behaviour (beyond a strain level of 0.33%) continued to take place 
even after 2,000,000 cycles. Column 7 shows that the fatigue damage did affect the 
ultimate (tensile) strength of the material. However, there was no specific trend observed. 
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Based on the average from specimens 3-F000P-1 to 3-F000P-4. 
6.3.2 Fatigue-Ductility Interaction 
Figure 6.15 shows the interaction between the accumulation of fatigue damage and the 
remaining ductility in joules (N-m). It can be observed that the ductility varied with 
increasing fatigue damage with a maximum decrease in ductility of 3.7% after 500,000 
cycles and a maximum increase in ductility of 7.1% after 1,000,000 cycles. However, a 
general trend of decrease in ductility observed as the fatigue damage increased. Although 
a small decrease in ductility is observed, the effect of fatigue damage at a strain ranging 
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Figure 6.15: Influence of fatigue damage on material ductility. 
6.4 SUMMARY 
This chapter discussed the effect of the LCF damage on the mechanical behaviour of 
high-strength (cold-rolled) AISI 1018 carbon steel. See Table 6.4 for the chemical 
properties. 











Method of production 
Cold-rolled 
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The results from this chapter apply solely to the type of steel mentioned above with a 
fatigue strain ranging from 0.001 to 0.003 (0.1% to 0.3%) with a reference strain of 
0.0025 (0.25%). 
No specimen in this test series failed due to fatigue cycles only. Therefore, there are no 
indications of the material's cycle-dependent response as the fatigue life of is 
approached. The following provides a summary of the results that were found. 
1. The accumulation of fatigue damage did not introduce an early non-linearity in its 
usual linear stress-strain behaviour until after 1,500,000 cycles. Fatigue-Pull specimen 3-
F2070P-1 was the only specimen to have exhibited this behaviour which occurred at 
approximately 358 MPa. Therefore, the yield strength of the material was determined by 
use of the point of first yield and the conventional 0.2% strain offset method. A cycle-
dependent hardening response was noticed in all specimens due to their increase in stress 
at a given strain. The early non-linearity behaviour in the cyclic stress-strain curve of 
specimen 3-F2070P-1 indicates that cycle-dependent softening occurred prior to a strain 
level of 0.33% after significant fatigue damage was present. Thus, a decrease in its point 
of first yield strength occurred. Evidence of cycle-dependent hardening in specimen 3-
F2070P-1 was shown in its cyclic stress-strain curve only beyond a strain level of 0.33%. 
Therefore, an increase in its 0.2% strain offset yield strength occurred. 
2. Mean-stress relaxation occurred in an exponential manner and was only evident 
through the first 100,000 cycles. Plastic shakedown ensued. 
3. The stress range from one cycle to the next increased only slightly. This, therefore, 
indicates that cycle-dependent hardening occurred due to the gradual increase in the 
material's resistance to deformation. 
4. The energy absorption per cycle also increased. This usually indicates that there was 
an increase in the plastic flow from one cycle to the next (material softening). Contrarily, 
there was a cycle-dependent material response. This usually indicates that there was a 
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decrease in the plastic flow from one cycle to the next. Therefore, future testing is needed 
to confirm if the energy absorption rate can increase while the material hardens, or if the 
measurement of the data was inaccurate since the effects were small. 
5. The effect of the fatigue damage was shown to rapidly increase the point of first yield 
and offset yield strength of the material by up to 17% and 6%, respectively, within the 
first 100,000 cycles. The yield strength appeared to remain constant after 100,000 cycles. 
The ultimate(tensile) strength of the material did not appear to be affected by the 
accumulated fatigue damage. 
The ductility varied with cumulative fatigue damage, yet appeared to slightly decrease 
with an increase in fatigue damage. However, the maximum decrease is of 3.7%. This 
indicates that there is no cause for concern regarding the ductility of the material when 
subjected to fatigue damage. 
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7 TEST RESULTS - EVALUATION AND DISCUSSION 
This chapter discusses and compares the results obtained from Test Series 1, 2, and 3. 
The effect of fatigue damage on the strength and ductility of the material for each test 
series along with their cycle-dependent material responses are evaluated to verify any 
similarities and variation that exist among the test series. 
The damage index (D), calculated using the linear damage rule (LDR), is used to 
provide a comparison of the effect of fatigue damage on the strength and ductility of the 
material. Equation 7.1 was introduced in 1945 by Miner (Miner, 1945) and represents the 
Palmgren linear damage concept (Palmgren, 1924) in mathematical terms. 
This version of LDR associates the damage index with the cycle ratio as discussed in 
section 2.2.2.1. In this equation, the damage index (£>) is a measurement of the 
accumulated damage due to fatigue cycles. It is calculated from the summation of the 
cycle ratios (r ) and it is assumed that fatigue failure occurs when Z rt = 1. The cycle 
ratio of njNfi represents the number of counted load reversals for a given load case ( i) 
divided by the number reversals to failure for the same given load case. The concept of 
linear damage of Equation 7.1 is used in the current study. New parameters such as 
strength (Equation 7.2) and ductility (Equation 7.3) are introduced instead of cycle count 
in these two equations. 
Ds=r = \-± (7.2) 
In this equation, Ds is the damage index of the strength where s is the remaining 
material strength after a given cycle count and Sv is the strength of the virgin material. 
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Thus, fatigue damage occurs when Ds is equal to 1. Dsy refers to the damage index of 
the 0.2% offset yield strength. Dsu refers to the damage index of the ultimate (tensile) 
strength. 
D.=r = l ~ (7-3) 
In this equation, De is the damage index of the ductility where e is the ductility of the 
material after a given cycle count and Ev is the ductility of the virgin material. Because 
no specimen in Test Series 3 failed in rupture under pure fatigue loads, the value of Nf 
was not determined. Therefore, the normalized cycle count (nlNf ) is used for specimens 
in Test Series 1 and 2 only. For Test Series 3, the number of cycles is used. 
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Calculated using the final displacement of the gauge length after rupture. 
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The material composition, mechanical properties, and test matrix for all three test series 
are shown in Tables 7.1, 7.2, and 7.3, respectively. Test Series 1 and 2 were conducted on 
two different types (strength) of steel but at a constant strain range of 0.003 (0 to 0.003 
and 0.009 to 0.012, respectively) to determine the effect of the fatigue damage from one 
type (strength) of steel to the next. Test Series 1 and 3 were conducted on high-strength 
(cold-rolled) steel but at different strain ranges of 0.003 (0 - 0.003) and 0.002 (0.001 -
0.003), respectively. This was done to determine the effect of fatigue damage by varying 
the strain range. Test Series 2 and 3 are not compared directly as they have two varying 
parameters: material strength and strain range. 
7.1 CYLIC STRESS-STRAIN CURVE 
The effect of the fatigue damage on the strength, ductility, and other properties of the 
material was obtained by analysing the cyclic stress-strain curves of the material at 
various levels of fatigue damage (strain cycles). To provide consistency in how the yield 
strength was determined among all test series, the 0.2% offset yield strength (MPa) was 
obtained. The ultimate (tensile) strength (MPa) was obtained by locating the maximum 
stress level, and the ductility (joules) was determined by measuring the area under the 
load-deformation curve. This section summarizes the observations from the cyclic stress-
strain curves from all test series. 
7.1.1 0.2% offset yield strength 
Figure 7.1 illustrates the influence of fatigue damage on the 0.2% offset yield strength for 
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Figure 7.1: Remaining offset yield strength. 
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Figure 7.2: Damage index for offset yield strength (Equation 7.2). 
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strength of the material in Test Series 1 and an increase in the yield strength of the 
material in Test Series 2 and 3. Figure 7.2 and Figure 7.1 are similar except that the effect 
of fatigue damage is shown in Figure 7.2 by measuring the damage index for the yield 
strength using Equation 7.2. The normalized cycle count (cyclic ratio measured by 
n/Nf ) is used in Figure 7.2 for Test Series 1 and 2. In this figure, the normalized cycle 
count for Test Series 3 could not be obtained because Nf (number of cycle to failure) is 
unknown. Therefore, the x-axis for Test Series 3 is the same in Figure 7.2 as it is for 
Figure 7.1. 
It can be seen from Figure 7.2(a) that the damage index for the offset yield strength (D ) 
increased with an increase in the normalized cycle count in Test Series 1. However, until 
the formation of large fatigue cracks (up to about 90% to 95% of its fatigue life), D 
decreased with an increase in the normalized cycle count in Test Series 2. Therefore, it 
can be said that the material strength (type of steel) affected whether the material 
hardened (shown by an increase in yield strength in Test Series 2) or softened (shown by 
a decrease in yield strength in Test Series 1) when subjected to fatigue damage. 
Figure 7.2(b) shows that a change in the strain range to 2,000 microstrain in Test Series 3 
(from 3,000 microstrain in Test Series 1) also varied the material hardening or softening 
response. In this case, the material softened (shown by a decrease in the offset yield 
strength) in the first series and hardened (shown by an increase in the offset yield 
strength) in the third test series. It can also be seen that a 33% decrease in the strain range 
(3,000 microstrain to 2,000 microstrain) significantly increased the fatigue life of the 
material (approximately 180,000 cycles in Test Series 1 and no rupture after 2,070,000 
cycles in test Series 3) 
7.1.2 Ultimate (tensile) strength 
For all series, the ultimate (tensile) strength was determined by locating the point of 
maximum stress on the cyclic stress-strain curves. Figure 7.3 illustrates the effect of 
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Figure 7.4: Damage index for ultimate strength (Equation 7.2). 
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fatigue damage on the ultimate strength of the material for all three test series. It can be 
seen from these figures that the ultimate strength is affected by the fatigue damage, 
although not as significantly as that of the offset yield strength. The ultimate strength of 
the material in Test Series 1 is the only one to show a consistent decrease in strength with 
increased fatigue damage (Figure 7.3(a)). Both Test Series 2 and 3 show variations in the 
ultimate strength. In other words, the ultimate strength increased in some cases and 
decreased in others, and thus, no consistent pattern was obtained. However, this variation 
is considered to be extremely minor. Therefore, it is believed that the variations in 
ultimate strength found in Test Series 2 and 3 may be due to the variations in ultimate 
strength that are found in a virgin material due small imperfections in the particle 
formation. Fatigue damage creates cracks in the material at the micro level. Therefore, 
the reduction in cross-section area of the material with fatigue damage is considered to be 
negligible, thus, little or no change in the ultimate strength of the material may be present 
until larger cracks are formed. Figure 7.4 illustrates the same figure using the damage 
index for the ultimate strength, Dsu, for all test series, the normalized cycle count for 
Test Series 1 and 2, and the cycle count for Test Series 3. 
Figure 7.5 shows the effect of the fatigue damage on the strain level of the ultimate 
(tensile) strength. Three different results are shown in this figure for all three test series: 
(a) ultimate strength occurred at higher strain levels as more fatigue damage (fatigue 
cycles) was introduced in Test Series 1, (b) ultimate strength occurred at lower strain 
levels as more fatigue damage was introduced in Test Series 2, and (c) ultimate strength 
occurred at various strain levels as more fatigue damage was introduced and no 
consistent pattern was found for Test Series 3. Therefore, it is unclear whether the 
ultimate strength occurring at different strain levels is due to the cycle-dependent material 
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7.1.3 Early non-linear behaviour 
It was found that the accumulation of fatigue damage introduced an early non-linearity in 
its usual linear stress-strain behaviour at a much lower stress. This can be seen for all 
three test series in Figure 7.6. It is shown in this figure that the appearance of early non-
linearity occurred at lower stress levels with increased accumulation of fatigue damage. 
In Test Series 1 and 2 (Figure 7.6(a) and Figure 7.6(b), respectively), the fatigue damage 
appeared to introduce an early non-linear behaviour after only a few thousand strain 
cycles. However, as shown in Figure 7.6(c), only specimen 3-F2070P-1 in Test Series 3 
with 2,070,000 fatigue cycles showed this early non-linear behaviour. This suggests that 
this behaviour due to fatigue damage appeared early in the fatigue count at a higher strain 
range of 3,000 microstrain (Test Series 1 and 2); however, it did not appear until 
sufficient damage was introduced at a lower strain range of 2,000 microstrain (Test Series 
3). 
7.1.4 Material ductility 
The ductility of the material (joules) was calculated by measuring the area under the load-
deformation curve obtained from tensile tests for all series. Figure 7.7 represents the 
effect of the fatigue damage on the ductility of the material for all test series. Figure 7.8 
illustrates the same figure using the damage index for the ductility (Equation 7.3) for all 
test series, the normalized cycle count {n/Nf) for Test Series 1 and 2, and the cycle 
count for Test Series 3. It can be seen from these figures that the effect of the fatigue 
damage decreased the ductility of the material very early in the fatigue life of the 
specimens in Test Series 1 and 2. 
In the case of Test Series 2, the decrease in ductility occurred after only one cycle. As 
discussed in section 5.3.2, approximately half of the ductility lost within the first cycle is 
due to the reference strain of 0.0115. Therefore, from the 162 joules lost within the first 
cycle of the second test series (953 joules vs. 1115 joules), approximately 80 joules is due 
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Figure 7.8: Damage index for material ductility (Equation 7.3). 
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ductility of 1115 joules. This is compared to the 46 joules lost after 5,000 cycles in the 
Test Series 1 (696 joules vs. 742 joules) which is equal to a 6.2% loss from its original 
ductility of 742 joules. In both Test Series 1 and 2, the decrease in ductility appeared to 
level off afterwards until the formation of larger cracks occurred. This indicates that 
fatigue damage at a strain range of 3,000 microstrain reduced the ductility by 
approximately 6% to 7% early in the fatigue life of the material (within the first few 
thousand cycles) independent of the type (strength) of steel. 
It can be seen that the ductility in Test Series 3 varied with increasing fatigue damage. 
Nonetheless, it appears that a general trend in decreasing ductility (although slight) with 
an increase in fatigue damage is observed. The difference in the magnitude of ductility 
loss between Test Series 1 and Test Series 3 (6.2% after 5,000 cycles in Test Series 1 and 
almost negligible in Test Series 3) suggests that the effect of fatigue damage on the 
material ductility appears to be more significant when a greater strain range is applied 
(Test Series 1). 
There appeared to be a similar percentage of decrease in ductility in Test Series 1 and 2, 
and significant difference in the decrease in ductility in Test Series 1 and 3. Therefore, 
the effect of the fatigue damage appeared to decrease the ductility of the steel when a 
greater strain range is applied. However, the effect of fatigue damage appeared to be 
constant from one type (strength) of steel to the next. 
7.2 CYCLE-DEPENDENT MATERIAL RESPONSE 
The cycle-dependent responses of the material were examined to provide an 
understanding of the effect of the fatigue damage from one cycle to the next. The term 
'cycle-dependent' refers to the response observed from cycle to cycle. This section 
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Figure 7.9(c): Cycle-dependent response with mean-stress curve for Test Series 3. 
7.2.1 Mean-stress relaxation 
Each test series included a reference strain in tension. Therefore, mean-stress relaxation 
occurred in an exponential fashion in all three cases. Figure 7.9 shows the stress 
hysteresis for all three test series and includes the mean-stress curves. It can be seen from 
this figure that the mean-stress was never fully relaxed to zero stress in the 
aforementioned exponential fashion in any of the test series. This indicates that there is a 
mean-stress relaxation plateau that occurs. The mean-stress relaxed to zero stress only 
upon the formation of large cracks just prior to failure due to rupture. 
7.2.2 Cycle-dependent hardening 
The specimens from Test Series 2 and 3 showed evidence of cycle-dependent hardening 
upon review of their cyclic stress-strain curve. In the case of Test Series 2, evidence of 
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Figure 7.10: Cycle-dependent hardening material response in cyclic stress-strain curve 
for Test Series 2 and 3. 
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0.23%. The evidence of cycle-dependent hardening was observed at all strain levels of 
the cyclic stress-strain curves for all Fatigue-Pull specimens in Test Series 3, except for 
Fatigue-Pull specimen 3-F2070P-1. For specimen 3-F2070P-1, evidence of cycle-
dependent hardening was observed only beyond 0.33% strain. This indicates that cycle-
dependent softening (discussed further in section 7.2.3), due to the early non-linearity, 
was observed prior to a strain level of 0.19% to 0.23% for Test Series 2 and 0.33% for 
specimen 3-F2070P-1 of Test Series 3. 
The cyclic stress-strain curves for both test series are shown in Figure 7.10. Due to the 
early non-linear behaviour, all cyclic stress-strain curves beyond 1 cycle in Test Series 2 
and specimen 3-F2070P-1 of Test Series 3 show a decrease in the level of stress when the 
strain value is low (below 0.19% to 0.23% for Test Series 2 and 0.33% for specimen 3-
F2070P-1) with an increase in fatigue damage. However, it can be seen from this figure 
that the stress level beyond the above mentioned strain levels increased as fatigue damage 
increased, thus indicating that cycle-dependent hardening occurred. 
Cycle-dependent material hardening stopped to occur in Test Series 2 after approximately 
35% to 47% (50,000 cycles) of its fatigue life. At this point, the stress level decreased at 
any given strain level on the cyclic stress-strain curve as fatigue damage increased. This 
indicates that the material did not continuously harden throughout its fatigue life and that 
it eventually softened (section 7.2.3) until failure occurred due to rupture. The cyclic 
stress-strain curve of Fatigue-Pull specimen 3-F2070P-1 (Figure 7.6(c)) indicates that the 
material was still hardening during the application of the fatigue cycles. This is observed 
by the increase in 0.2% offset yield strength from Fatigue-Pull specimen 3-F1000P-2 to 
3-F2070P-1. Therefore, it is unknown when (cycle count) the cycle-dependent material 
hardening response would have stopped and cycle-dependent softening at all strain levels 
would have occurred. 
An increase in the stress range from one cycle to the next indicates that the material 
exhibits a cycle-dependent hardening response. Figure 7.11 illustrates the stress range 
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increased, although slightly, in Test Series 3. This appears to be in agreement with the 
evidence of cycle-dependent hardening observed in the cyclic stress-strain curves of that 
series. However, the stress range from one cycle to the next in Test Series 2 decreased 
throughout the fatigue life of the material. This appears to contradict the cycle-dependent 
hardening response examined in the cyclic stress-strain curves in Test Series 2. 
As discussed earlier in this section, the early non-linearity in stress-strain behaviour 
indicates that cycle-dependent softening occurred within strain levels up to 0.19% to 
0.23% (Figure 7.6(b)). Evidence of the cycle-dependent hardening behaviour is only 
apparent in the cyclic stress-strain curves at higher strain levels, approximately beyond 
0.19% to 0.23% strain. Therefore, it is believed that with a strain range of 3,000 
microstrain (9,000 microstrain in tension to 12,000 microstrain in tension), the stress-
strain hysteresis loops exhibited early non-linear behaviour in its usual linear behaviour 
as observed in the cyclic stress-strain curves in Figure 7.6(b). However, it is believe that 
at that strain range, the stress-strain hysteresis loops did not have significant strain that 
caused tension stress to introduce the cycle-dependent hardening observed in the cyclic 
stress-strain curves after approximately 0.19% to 0.23% strain. This indicates that only 
the cycle-dependent softening behaviour of the material (observed up to a strain level of 
0.19% to 0.23% in the cyclic stress-strain curves) was displayed in the stress-strain 
hysteresis loop while cycle-dependent hardening was not displayed. Therefore, the stress 
range decreased due to the early non-linearity and did not increase due to cycle-
dependent hardening. 
7.2.3 Cycle-dependent softening 
Cycle-dependent softening was found to occur throughout the fatigue life of Test Series 
1. In addition, a softening response was observed in the cyclic stress-strain curves in Test 
Series 2 at strain levels up to 0.19% to 0.23% before approximately 35% to 47% of the 
fatigue life (before 50,000 fatigue cycles as shown in Figure 7.10(a)), and at all strain 
levels afterwards. Evidence of material softening in Test Series 1 and after 50,000 cycles 
in Test Series 2 can be seen in the cyclic stress-strain curves in Figure 7.12. In this figure 
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Figure 7.12: Cycle-dependent softening material response in cyclic stress-strain curve 
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the evidence of cycle-dependent softening is observed by a decrease in the stress level at 
a given strain level in the cyclic stress-strain curves with an increase in fatigue damage. 
A decrease in the stress range also indicates that cycle-dependent material softening 
occurred. The stress range for Test Series 1, shown in Figure 7.13, decreased throughout 
the fatigue life of the material. This appears to be in agreement with the evidence of 
cycle-dependent material softening observed in the cyclic stress-strain curves of Test 
Series 1 throughout the fatigue life of the material. As mentioned in section 7.2.2 when 
discussing Figure 7.11, the stress range for Test Series 2 also decreased throughout the 
fatigue life of the material. This indicates that cycle-dependent softening occurred in the 
second test series. However, in this case, the cycle-dependent softening was due to the 
early non-linearity in the material's usual linear behaviour and occurred only at strain 
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Figure 7.13: Cyclic stress range for Test Series 1. 
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In both Test Series 1 and 2, there was a consistency in the decrease in stress range and 
evidence of cycle-dependent softening. Therefore, a relationship can be seen between the 
decrease in stress range and decrease in the material's ability to resist deformation. 
7.2.4 Energy absorption 
Fatigue damage is ultimately caused by the cyclic plastic strain (plastic flow) from one 
cycle to the next (Sandor, 1972). The plastic flow is measured by calculating the energy 
absorbed by the specimen. The energy absorption (J) was measured using the 
displacement of the extensometer (mm) and the load applied for each cycle (kN) for all 
three test series. Figure 7.14 provides the energy absorption per cycle for each series of 
tests. Figure 7.15 illustrates the energy absorption rate using the normalized cycle count 
for Test Series 1 and 2 and the cycle count for Test Series 3. It can be seen from these 
figures that the energy absorption rate by the specimen is very similar between Test 
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Figure 7.15: Energy absorption per cycle - with normalized cycle count. 
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steel). Furthermore, it is observed that the energy absorption rate in Test Series 3 is lower 
than that of Test Series 1 (test series conducted with two different strain ranges). This 
suggests that a change in the strength of the steel did not significantly change the energy 
absorption per cycle; however, a change in the applied strain range greatly changed the 
energy absorption rate of the steel. 
By reviewing the energy absorption curves for Test Series 1 and 2 from Figure 7.15, it is 
shown that the rate of energy absorption increased with an increase in fatigue damage 
until the normalize cycle count reached approximately 0.64 (Test Series 2) to 0.67 (Test 
Series 1). Afterwards, the energy absorption rate decreased slowly prior to the formation 
of large cracks. This indicates that at the applied strain range of 0.003 in both Test Series 
1 and 2, the energy absorption rate increased up until approximately two thirds of the 
material's fatigue life was exhausted. The energy absorption rate decreased over the last 
third of the material's fatigue life until failure occurred due to rupture of the specimen. 
The energy absorption curves from Figure 7.15 appear to be in agreement with the 
decrease in stress range in Test Series 1 and 2 (Figure 7.13 and 7.11(a), respectively). 
Load 
• Deformation 
Figure 7.16: Energy absorption. Hysteresis loop A has a smaller area than loop B, 
therefore, representing a smaller amount of absorbed energy. Hysteresis loop B has a 
greater area than loop C, therefore, representing a greater amount of absorbed energy. 
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That is, the maximum area (energy absorbed) of the hysteresis loop at a given stress 
range (loop B of Figure 7.16) is larger than the area of the hysteresis loop at a larger 
stress range (loop A), and is larger than the area of the hysteresis loop at a smaller stress 
range (loop C). In this case, loop B represents the hysteresis loop of the material after 
approximately two thirds of the fatigue life was exhausted (maximum energy absorption 
rate), loop A represents the initial hysteresis loop and loop C represents the hysteresis 
loops beyond two thirds of the material fatigue life. 
It is shown in Figure 7.14 that the energy absorption rate also increased in Test Series 3. 
This was unexpected since a slight increase in the stress range (Figure 7.11(c)) early in 
the material's fatigue life usually indicates a decrease in the energy absorption rate (from 
loop B to loop A in Figure 7.16). However, the first hysteresis loop of Test Series 3 may 
in fact be considered as loop C and not loop B. As such, a greater energy absorption rate 
would have occurred as the material hardened (from loop C to loop B). This would 
explain the increase in energy absorption per cycle observed as fatigue damage increased. 
However, further tests on the hysteresis loops are needed to determine if an increase in 
energy absorption is accurate, or whether the test procedure and/or equipment needs to be 
altered. 
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8 CONCLUSIONS AND RECOMMENDATIONS 
This study was conducted to investigate the effect of LCF damage on the material 
behaviour of structural steel. In doing so, the main objective was to establish a 
relationship between fatigue damage and the strength and ductility of the material. This 
chapter provides a summary of the results obtained from this study. In addition, 
recommendations for future research are made. 
8.1 EFFECT OF LCF DAMAGE ON MATERIAL BEHAVIOUR 
It was found that the strength and ductility of steel altered when a fatigue history was 
introduced. This section describes the relationship between fatigue damage and the 
material behaviour obtained from this study. The 0.2% offset yield strength, ultimate 
(tensile) strength, and ductility were reviewed. 
8.1.1 Offset yield strength and ultimate (tensile) strength 
It was found that the 0.2% offset yield strength was more affected more than the ultimate 
(tensile) strength. In cases where the material had a cycle-dependent hardening response, 
the yield strength increased with an increase in fatigue damage. However, what is critical 
is that when the material had a cycle-dependent softening response, the yield strength 
decreased by as much as approximately 14.1%. Although the fatigue damage affected the 
ultimate (tensile) strength of the material, it was found that the ultimate strength 
decreased by no more than 4.4%. However, as the material's fatigue life approached, 
large cracks formed and as a result the offset yield strength and ultimate (tensile) strength 
both decreased predominantly until full rupture occurred. 
The fatigue damage introduced an early non-linearity in the material's usual linear 
behaviour. It was found that this early non-linearity occurred at lower stress levels with 
an increase in fatigue damage. Therefore, the strength of the material at lower strain 
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levels was decreased with an increase in fatigue damage due to this early non-linear 
behaviour. 
8.1.2 Ductility 
The fatigue damage caused a decrease in the ductility of the material. It was observed that 
most of this decrease (maximum decrease of 15.6%) occurred early in the fatigue life of 
the material (as much as 15% after only one cycle). Upon formation of large fatigue 
cracks in the material, the ductility decreased predominantly until full rupture occurred. 
This behaviour is similar to that of the strength of the material. 
8.2 VARIATION IN MATERIAL STRENGTH AND STRAIN RANGE 
This study investigated the effect of varying the type (strength) of steel and the applied 
strain range. This section discusses the effect of the fatigue damage on the material 
behaviour when material strength and strain range are changed. 
8.2.1 High-strength steel vs. mild steel 
Test Series 1 and 2 were conducted using high-strength and mild steel, respectively, at a 
strain range of 3,000 microstrain. Cycle-dependent softening was observed in the high-
strength steel while cycle-dependent hardening was observed in the mild steel. Therefore, 
no consistent relationship was apparent when comparing the offset yield strength of the 
materials. 
The ultimate (tensile) strength of both materials decreased slightly as the fatigue damage 
increased. This suggests that the magnitude of the ultimate strength is slightly affected by 
the fatigue damage regardless of the type (strength) of steel. Furthermore, it was noticed 
that the strain location of the ultimate strength for the high-strength steel occurred at a 
higher strain level as fatigue damage increased. However, the strain location of the 
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ultimate strength for the mild steel occurred at a lower strain level with an increase in 
fatigue damage. 
The ductility of both high-strength steel and mild steel decrease by approximately 6% to 
7% due to fatigue damage alone (initial ductility lost is also due to the applied reference 
strain) early in the fatigue life of the material. Thus, this indicates that the relationship 
between the fatigue damage and the material ductility remains the same with a change in 
the material strength. 
8.2.2 Decrease in strain range 
Test Series 1 and 3 were conducted using high-strength steel at a strain range of 3,000 
microstrain, and 2,000 microstrain, respectively. It was found that with the strain range in 
Test Series 1 (3,000 microstrain), cycle-dependent softening occurred, causing a decrease 
in the offset yield strength of the material. Conversely, the stress range in Test Series 3 
(2,000 microstrain) caused a cycle-dependent hardening response, thus, increasing the 
offset yield strength. Therefore, no conclusive relationship between the effect of fatigue 
damage with a change in the strain range could be developed. 
The fatigue damage affected the ultimate (tensile) strength in both Test Series 1 and 3. A 
clear decreasing pattern was found at a strain range of 3,000 microstrain, while no 
obvious pattern was found at a strain range of 2,000 microstrain. In addition, the strain 
location ultimate (tensile) strength of the material exposed to fatigue cycles at a strain 
range of 3,000 microstrain occurred at higher strain levels as fatigue damage increased. 
However, again no clear pattern was found in the material exposed to a strain range of 
2,000 microstrain. Therefore, again no conclusive relationship could be developed. 
There was a consistent trend in the decrease in ductility when a strain range of 3,000 
microstrain was applied to the steel. However, only a slight decrease in ductility was 
observed when a strain range of 2,000 microstrain was applied. Nonetheless, what can be 
appreciated is the overall decrease in the ductility when both strain ranges are applied. 
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8.3 CYCLE-DEPENDENT MATERIAL RESPONSE 
The relationship between the cycle-dependent responses of the material and the changes 
observed in the material's mechanical properties was investigated. The cycle-dependent 
material hardening and softening responses observed in the stress hysteresis were 
examined along with the energy absorption rate of the material. 
8.3.1 Cycle-dependent hardening and softening 
A cycle-dependent softening response was observed from one cycle to the next for a 
cyclic strain range of 3,000 microstrain applied on high-strength (cold-rolled) steel (Test 
Series 1). This was determined by observing the decrease in the stress range from one 
cycle to the next. Evidence of material softening was also observed in the cyclic stress-
strain curves in that test series. 
By observing the stress range in regards to a cyclic strain range of 3,000 microstrain 
applied on mild (hot-rolled) steel (Test Series 2), a cycle-dependent softening response 
was noticed (decrease in strain range). However, evidence of material softening was 
found in the cyclic stress-strain curves only up to strain levels of 0.19% to 0.23% 
(believed to be due to the early non-linearity in the material's usual linear behaviour). 
Evidence of material hardening was noticed at strain levels beyond 0.19% to 0.23%. This 
suggests that the cyclic strain range decreased due to the early non-linear behaviour. 
Cycle-dependent softening occurred in the material, and was observed at all strain levels, 
after sufficient fatigue damage was induced (approximately between 35% to 47% of the 
material's fatigue life). 
A cycle-dependent hardening response was observed from one cycle to the next for a 
cyclic strain range of 2,000 microstrain applied on high-strength (cold-rolled) steel (Test 
Series 3). This was determined by observing the increase in the stress range from one 
cycle to the next. Evidence of material hardening was also observed in the cyclic stress-
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strain curves in that test series. Early non-linearity in the material's usual linear behaviour 
was not noticed until approximately 2 x 106 cycles. This suggests that sufficient fatigue 
damage is required to generate an early non-linear behaviour. 
It was found that a relationship can be attained between the effect of fatigue damage on 
the material strength and the cycle-dependent material response. That is, as cycle-
dependent softening occurred, there was a decrease in remaining yield strength. 
Conversely, as cycle-dependent hardening occurred, an increase in the remaining yield 
strength was observed. However, it was noticed that the material can have signs of both 
cycle-dependent hardening and softening response at different strain levels when viewing 
the cyclic stress-strain curves. 
The ultimate (tensile) strength and the ductility of the material were not affected by the 
cycle-dependent material response. Therefore, no relationship was observed. 
8.3.2 Energy absorption 
The energy absorption per cycle provides an indication of the quantity of plastic flow that 
occurred from one cycle to the next. In the case of Test Series 1, it was found that the 
energy absorption rate increased. This indicated that an increase in plastic flow was 
present, thus the cycle-dependent softening occurred and the yield strength decreased. In 
the second test series it was found that the energy absorption rate also increased. This was 
in agreement with the cycle-dependent softening response observed by viewing the stress 
range from one cycle to the next. However, the cyclic stress-strain curves provided 
evidence of both cycle-dependent softening and hardening response at various strain 
levels. Again, it is believed that these contradicting responses are due to the introduction 
of early non-linearity in the materials usual linear behaviour. 
The energy absorption rate for Test Series 3 increased slightly. However, cycle-
dependent hardening occurred due to an increase in the cyclic stress range. It is noticed 
that the increase in the energy absorption rate was almost negligible. Therefore, further 
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tests on the hysteresis loops are needed to determine if an increase in energy absorption is 
accurate, or whether small errors occurred due to the test procedure and/or equipment. 
It is suggested that the energy absorption rate affects the material's cycle-dependent 
response. In turn, it is the cycle-dependent response that directly affects the material's 
mechanical properties (softening response indicates a decrease in the yield strength, 
hardening response indicates an increase in the yield strength). However, no conclusive 
relationship between the energy absorption and the material's mechanical properties can 
be developed to explain the evidence of the multiple cycle-dependent responses noticed 
in the cyclic stress-strain curves of Test Series 2. 
No evidence was found indicating that the energy absorption rate affected the ultimate 
(tensile) strength and ductility of the material. 
8.4 RECOMMENDATIONS 
In the current study, early non-linearity in the material's usual linear behaviour was 
noticed due to the effect of fatigue damage. In addition, some contradicting information 
was discovered that requires further research. Lastly, some testing methods were found to 
provide difficulties in obtaining the data required to determine the effect of fatigue 
damage on the material's mechanical behaviour. This section discusses the 
recommendations regarding the above mentioned matters. 
8.4.1 Early non-linearity 
It was noticed that fatigue damage caused an early non-linearity in the usual linear 
behaviour of the material. Tests were conducted to determine if this behaviour was due to 
early plastic flow in the elastic portion of the stress-strain curve. However, the test results 
were found inconclusive. Therefore, further tests are recommended to determine the 
nature of the early non-linear behaviour. 
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8.4.2 Energy absorption rate 
The energy absorbed by the specimen was calculated by measuring the area within each 
hysteresis loop. It was found that the measurement of each loop must begin at the tension 
or compression limit for maximum accuracy. At a scanned period of 2.1 cycles in Test 
Series 3, it was found that the measurements did not always occur at the tension or 
compression limits. Thus, the measurements were not accurate. It is, therefore, 
recommended that future tests be scanned at a frequency and duration that will provide a 
period of an integer number. For example, a period of 2 cycles (which may be obtained at 
a frequency of 4 Hz for 0.5 seconds, 5 Hz for 0.4 seconds, etc.) or 3 cycles (3 Hz for 1.0 
seconds, 5 Hz for 0.6 seconds, etc.) are recommended. This will maximize the accuracy 
of the measurements. 
8.4.3 Test procedure 
This study was conducted with an extensometer capable of measuring strain levels up to 
50%. Due to this capability, it lacks in accuracy when measuring at the micro level. A 
more sensitive extensometer is, therefore, recommended. 
In addition, it was found that at the frequencies of the tests, the strain feedback may have 
lagged with the large strain range that was applied due to the length of the wires and 
other equipment constraints. This suggests that the obtained stress-strain hysteresis loop 
is not as accurate as previously thought. Therefore, it is recommended that the lowest 
frequency that is economically and ergonomically practical be used to conduct strain-
controlled fatigue tests. 
Due to the required accuracy of the extensometer's measurements in a strain-controlled 
fatigue test, it is recommended that all lead-wires be installed in a manner that minimizes 
any interference of the electronic signals. Additionally, measures must be taken to block 
any vibrations due to wind and noise. 
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Appendix A - Complementary figures for Chapter 4: Test Results - Test Series 1. 
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Figure A-l: Influence of fatigue damage on the point of first yield. 
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Figure A-2: Influence of fatigue damage on the ductility (% elongation) 
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For Figures A-3 to A-7, see Figure A-3 for explanation. 
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Points to the left signify at a fatigue life of 185,000 cycles. 
Points to the right signify a fatigue life of 175,000 cycles. 
After 90,000 cycles, therefore, 
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Figure A-7: Influence of fatigue damage on the ultimate strength - % of cycles. 
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Figure A-8: Cycle-dependent stress hysteresis with mean stress curve - % of cycles. 
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Appendix B - Complementary figures for Chapter 5: Test Results - Test Series 2. 
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After 100,000 cycles, therefore, 
0.70 
(fatigue life of 142,000) 
0.94 
(fatigue life of 106,000) 
Points to the left signify at a fatigue life of 142,000 cycles. 
Points to the right signify a fatigue life of 106,000 cycles. 
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Figure B-7: Influence of fatigue damage on the ductility (% elongation) - % of cycles. 
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Figure B-8: Influence of fatigue damage on the ultimate strength - % of cycles. 
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Figure B-9: Cycle-dependent stress hysteresis with mean stress - % of cycles. 
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Figure C-l: Influence of fatigue damage on the ductility (% elongation). 
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